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Abstract

Hull and propeller roughness can be caused by various factors such as mechanical
causes, chemical and electrochemical processes (e.g. corrosion), and finally the
colonisation of biofouling, which is often the most criticBhe associated economic

and envionmental problems includacreases in ship resistance, fuel consumption

and greenhouse gas emissions. The mitigation measures are also associated with costly
antifouling coatings and drydocking. Therefore, accurate predictions of the roughness
effectonship performancare of great importance in the economic and environmental

perspectives.

Although many studies have been carried out to investigate the roughness effect since
the age of William Froudegur understanding in this field is still limiteddore
specifically, the validations of the two most prevalent prediction methods are not
complete Also, theconventionaktudies have mainly focussed on the roughness effect

on ship resistancewhereasthe impact on propulsion performanbas been less
highlighted.Furthermore, the hull surfaces have been treated as uniformlyirotingh
conventional studiegs whi | e r eal shipsdé surfaces are

heterogeneous fouling accumulation.

Based on the above background, this PhD study @indgvelop computational and
experimental techniques to investigate the effect of biofouling on ship hydrodynamic
performance.This aim has been realised by achieving several milestones using

Computational Fluid Dynamics (CFD) and Experimental Fluid Dycar(itFD).

This PhD thesis consists of three distinct parts. Part | includes experimental validations
by means of tank testing to demonstrate the suitability of the methods for the added
resistance prediction due to hulmethodoughn:

and the CFD method involving modified wélinctions.

Part Il presents the fulicale applications of the CFD approach to predict the effect of
biofouling on the fullscale ship hydrodynamic problems, including ship resistance,

propeller performareand ship selpropulsion performance.

XX



Finally, extended investigations are presented in Part I, including the investigations
into the effect of heterogeneous distributions of hull roughness on ship resistance as

well as the roughness effect with theriations of hull forms, ship lengths and speeds.
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1.Introduction

1.1. Introduct ion

This chapter introduces the general perspectives of the subjects covered in this PhD
thesis, presents the motivats behind the study, defines the aim and objectives of the

study and finally outlines the structure of the thesis.

1.2.  General perspectives

To meet the needs of the globalised world, there has been a rapid expansion of
maritime transportation. According tbe United Nations Conference on Trade and
Development (UNCTAD, 2017), the seaborne trade volumes have more than tripled
during the last four decades. While marine transport is considered as mere fuel
efficient than other freight methods, its greenhouseegaissions are still substantial

and growing fast. The International Maritime Organization (IMO) forecasted maritime
CO; emissions to increase by 50% to 250% in the period to 2050 depending on the
scenarios of future economic and energy developments (BA04). Consequently,

some regulations and recommended practices have been implemented in recent times
to limit Green House Gas (GHG) emissions from shgg. he Energy Efficiency
Design Index (EEDI) for new ships and the Ship Energy Efficiency Managdhen
(SEEMP) for all ships (IMO, 2011). Within this framewotke importance of energy
efficient shipping is being highlighted.

Whenenergy efficiencys concernegt he pr e di c t-sService pesfdrmasdei p s 6
is important.lt is because h i gnag9 efficiency can vary with different factors in
operation, such as the loading conditions, weather, and hull surface conditions. In
particular, the effect of hull roughneissknown to increase the frictional resistance of

ships. Considering that the dtional resistance often takes the largest portion of the

total resistance, hull roughness can cause a significant efficiency loss (Schultz, 2007).

1



The surface roughness of a shipbds hull a
factors including mdwanical causes (e.g. mechanical damage,-sksting, plate

waviness, welds, mechanical damage to the marine coatings), chemical and
electrochemical processes (i.e. corrosion), and finally the colonisation of biofouling,
which is often the most critical wnsin, 2003; Tezdogan and Demirel, 2014).

Marine biofouling is the undesirable growth of marine organisms on the surfaces of
submerged or sersubmerged objects (Lewis, 1998). This inevitable process often
begins with the accumulation of microfouling argsms, which forms sticky coatings
commonly referred to as O6biofil msdéd (Gehr
decrease the energy efficiency of ships, but also provide a rich basis for larger
organisms (i.e. macrofouling), which can result in evesrandrastic impacts. In
particular, the hardhell fouling, i.e. barnacles, mussels and tubeworms, results in
dramatic increases in the surface roughness. Therefore, its impact on ship performance
is particularly critical and greatly dependent on the tgpd coverage of fouling
(McEntee, 1915; Kempf, 1937; Schultz, 2004; 2007). Transportation of invasive
species is another problem associated with biofouling. Some fouling species can
remain alive during the journey of commercial vessels and be releasdtieto o
ecosystems. These exotic species may survive to establish a reproductive population
in the host environment, becoming invasive, -cunpeting native species and
multiplying into pest proportions. Eventually, they can cause the extinction of some

speces and may harm biodiversity and/or transport various disddbearg 2019.

Considering the above mentioned economic and environmental penalties of biofouling,
it is essential to mitigate the accumulation of biofouling on ship hulls. The most
prevalent nitigation method is the application of antifouling paints on the hull surfaces.
Most of the conventional antifouling paints contain toxic chemicals, which are often
called as biocides. Toxic antifouling coatings are recognised as the mestfeoste

over many types of antifouling methods, because of their advantages, such as ease of
manufacture, high speed and lowst application, durability, and applicability to a
variety of structural forms and compositions (Little and Depalma, 1988). However,

thesebiocides may also impact ndarget species. Also, modern research revealed that



these chemicals contaminate the fab@in andoersistin the environmentMaréchal
and Hellio, 2009)

The awareness of such environmental problems of the conventionalubmgjfo
coatings resulted in legislative measures, such as the ban of tributyltin (TBT) based
antifouling paints in 2003 (IMO, 2001). The regulatory authorities now require testing
of new active substance before marketing authorisation, and these newiagstric
unavoidably resulted in significant increases in the total costs for the development of
new antifouling coatinggMaréchal and Hellio, 2009 Consequently, the costs of

antifouling activities are becoming more and more expensive.

Within this framewor k, from a naval ar chi
life cycle assessment is now of great importance. In other words, the economi
penalties associated with the increased fuel consumption and/or the speed loss of ships
should be accurately predicted and compared with the costs associated with the

antifouling activities.

Currently, there are two mainstream methodsa®sessing ship performance with

biofouling:

1 Extrapolating the roughness effect on frictional resistance using the similarity

law scaling of Granville (1958, 1978)

1 Modelling the roughness effect in Computational Fluid Dynamics (CFD)

simulations

The similarty law scaling, which was proposed by Granville (1958, 1978), has been
widely used to predict the roughness effect on ship frictional resistance. The benefit of
using this method is that once the roughness funabof, of the surface is known,

the skinfriction with the same roughness can be extrapolated for flat plates with
arbitrary lengths and speed&ccordingly, many researchers used this method to
predict the effect of hull fouling (Schultz, 2002, 2004, 2007; Flack and Schultz, 2010;
Schultz et al 2011; Demirel, 2015; Demirel et al., 2017a, 2019; Li et al., 2019; Uzun



et al., 2019, 2020). However, this method has several limitations due to its assumption

of flat plate (Atlar et al., 2018)in other words, this method only considers the
roughnessffect on the frictional resistance. However, recent studies claim that the

hull roughness not only affects the frictional resistance but also the other pressure
related resistance componeriBemirel et al.,, 2017b; Farkas et al., 2018, 2019;
Anderssonea | ., 2020). Therefore, it i's now ti

method for predicting the effect of biofouling on ship resistance.

Recently, the use of CFD is considered as an effective alternative to predict the
roughness effecton shiprgsnceass t can overcome the short
method. The mainstream is using modified viafictions by employing the roughness

function in the CFD model (Demirel et al., 2014, 2017b; Vargas and Shan, 2016;
Farkas et al., 2018, 2019; Seoldapark, 2020). However, the validations of these

studies were merely performed against flat plates with zero pressure gradient.
Therefore, it cannot guarantee the validity of it for other resistance components
originating from the 3D shape of the hulls.efé&fore, the validity of the CFD approach

for 3D hulls still remains to be demonstrated.

Also, the investigations should be extended to increase our understanttisdgield.

The previous studies were mainly focussing on the effect of hull foulinghipn s
resistance However,the roughness effect on the propulsion performance is also
important for better predictions of the energy efficiency of ships in operation.
Furthermore, there has been a major simplificatiagh@tonventional studies. That is,

the hul | surfaces have been treated as uni
are not uniform as they are exposed to heterogeneous fouling accumulation. This
difference can introduce uncertainties in the added resistance predictions, as claimed

by Demirel et al. (2017a).



1.3. Motivations

Before detailing the specific objectives of tRBD study an overview of the general

motivationsis presented in this section

1 The accuracy of the roughness allowance formula of Townsin and Dey (1990)
has been questied since the 23 TTC meeting (ITTC, 2002) and one of the
terms of reference for the 29TTC Resistance and Propulsion Committee is
filnvestigate the need of change of standard hull and propeller roughness.
Develop and propose new roughness correctiethods for both hull and
propelle . Therefore, It S essenti al to

computational techniques to contribute to this task.

1 As will be discussed in Chapter 2, the predictions of the roughness effect on
shipresistancénave beep er f or med mai nly wusing eith
law scaling method or the CFD methods in receintlies However, the
validations of these methods astll i ncompl et e. To the bes
knowledge, there exists no specific study validathmgse prediction methods
against experimental data obtained from tank testing usshgpanodelvith a
rough surface. Thereforg is worthwhile to conducship modekowing tests

for validations of these prediction methods.

1 There have been a few stuslimvestigating the effect of biofouling on full
scale ship resistance using CFD. However, the investigations can be extended
for better understanding~or example, the roughness effect on different

resistance components can be examiresl well as the ettt on other



hydrodynamic characteristics (e.g. form factor, nominal wake, etc). Also,
analysis of the flow characteristics around the bahbe useful to correlate

the findings.

There have been only a few studies devotéddadoughness effect @nopeller
performance The CFDmethodcould be usefuto determinethe impact of
propeller fouling. However, to the be:
no specific study to investigate the roughness effect on &dalé marine

propellerusing CFD.This gap can be filled by performing CFD simulations.

For more accurate predictions of ship
investigate the hulbropellerrudder interaction with the presence of
biofouling. However, to the best of thelauw r 6 s knowl edge, t h
specific study investigating the effect of hull and/or propeller fouling on the

power consumption and propulsion efficiency. Therefore, wtagthwhile to
investigatethe effect of hull and/or propeller fouling on fsitde ship sel

propulsion performance using CFD.

In the conventional studies, the hull surfaces have been treated as uniform
rough surfaces while the real shipsd
accumulation, which can result in differences. Te thb e s t of t he @
knowledge, there is no specific study exists investigating the edfettte
heterogeneous hull roughness on ship resistance. Therafadkjcting aship

model towing testwith heterogeneous hull roughness can be effective to

identify the effect of heterogeneous hull roughness.



1 It is well known that different ships have different ship hydrodynamic
characteristics. Therefore, the roughness effect can also vary with different
shipsTo the best of 't he aunhohsperifc studk nowl e
investigating the differences between the roughness effects on different ships.
Therefore CFD simulations of different ships with hull fouling can be used to

fill this gap.

1.4. Research aim and objectives

Based on thenotivations given in the previous section, which will be supported further
by the literature review in Chapter 2, the main aim of this PhD thesis is:

1 To developcomputational and experimental techniques to investigate the effect

of biofouling on ship hydrdynamic performances

In order to achieve the above aim, the following objectives are specified:

1 Objective 1:To conducta literature survey to review the statiethe-art
literature and the background knowledge in the field of the effect of hull and

propeler fouling on ship hydrodynamic performance (Chapter 2)

1 Objective 2:To performan experimental study using a towed flat plate and a
ship modeln smooth and rough surface conditions, to investigate the effect of
hull roughness on ship resistance arst &b validate the similarity law scaling

of Granville (1958; 1978) (Chapter.3)



Objective 3:To developa CFD model to predict the effect of hull roughness
on ship resistance and to perform a validation study by comparing the CFD
prediction with the exp@nental result obtained from thship modelftowing

test (Chapter 5)

Objective 4:To developa CFD model of a fulscale towed ship to investigate
the effect of biofouling on the resistance components and other hydrodynamic

characteristics (Chapter.6)

Objective 5:To developa CFD model of a fulscale marine propeller to
investigate the effect of propeller fouling on the propeller performance in open

water (Chapter 7)

Objective 6:To developa CFD model of a fulscale seHpropelled ship to
investicate the effect of hull and/or propeller fouling on ship-petipulsion

characteristics (Chapter.8)

Objective 7:To performan experimental study using ship modelwith
different configurations of hull roughness to investigate the effect of
heterogeneaihull roughness on ship resistance and propose a new prediction

method for heterogeneous hull fouling (Chapter 9)

Objective 8:To performCFD simulations of different hull forms in different
scales and speeds to investigate the effect of hull foulindifterent ships

(Chapter 10)



1.5. Structure of the thesis

The structure of this PhD thesis is organised as follows:

Chapter 2 presents a comprehensive literature review on relevant topics incuding,
brief background of biofouling and marine coatings, histdrobservation®f the
roughness effect on ship performances, theoretical information regarding the
roughness effect in the turbulent boundary layer, and thedt#te-art literature in

the field. The literature gaps are also identified.

Chapter 3 eplains the general methodology usedhe PhD thesis.

Chapter 4 presents an experimental investigation into the effect of hull roughness on
ship resistance and provides a validation of the similarity law scaling, by using tank
testing of a flat plate anal KRISO Container Ship (KCS) model. Both the plate and
ship modelwere tested in smooth and rough (sgnain) surface conditions. The
roughness functions of the rough surface were derived by using the results of the flat
plate towing tests. Using the aloted roughness function, the frictional resistance was
extrapolated to the length of thehip modelfollowing the similarity law scaling
procedure. The total resistance of the rough ship model was predicted using the
extrapolated frictional resistance atigk result of the smooth ship model and then

compared with the results of the rough ship model.

Validation of the CFD approach for modelling the roughness effect on ship resistance
is presented in Chapter 5. CFD models of the towed flat plate ak€C®enodel were
developed and compared with the towing test results in Chapter 4. To represent the
effect of hull roughness, the roughness function of the-gaaid surface, which was
determined in Chapter 4, was employed in the-fuaittion of the CFD mdel. The

result of the CFD simulations was compared with the experimental result, to validate

the CFD approach

Full-scale applications of the CFD approach (i.e. modified-fualttion approach) are

presented in Chap®6-8. In Chapter 6, the roughnessftion of barnacles (Demirel
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et al.,, 2017a) was employed in the wfalhction of the CFD model to represent the
surface roughness of barnacle fouling with varying barnacle sizes and coverage
densities. For validation of the modified wélinction approachtowedflat plate
simulations were carried out and compared against the experimental data. The
modifiedwall function approach was then applied to-&dhle ship hydrodynamic
problems (i.e. towed KCS, KP505 propeller in open water, angsmghielled KCS)

From the fullscale KCS simulations in Chapter 6, the effect of barnacle foulasy
examined on the ship resistance components, form factors and wake fractions as well
as the flow characteristics around the hull. From thesitdle KP505 propeller
simulations in Chapter 7, the effect of barnacles on the propeller open water
performancevas predicted. In Chapter 8, hsitale KCS selpropulsion simulations

were conducted with various configurations of hull and/or propeller fouling. The
effects of barnacle fouling on the ship resistance, delivered power and other propulsion

efficiencies vere investigated.

Chapter 9 involves towing tests o$laip modebf the Wigley hull with heterogeneous
hull roughness. The differences in the added resistance between the heterogeneous hull
roughness conditions were discussed. Also, a new prediction dnetsoproposed to
predict the added resistance due to the heterogeneous hull roughness based on
Granvillebdbs similarity | aw scaling and

experimental result.

Chapter 10 presents the extension of the CFD approachtfer bederstanding of the
fouling effect on ship resistance performance. Using the same CFD approach as in
Chapter 68, ship resistance simulations were conducted using two different hull forms,
KRISO Containership (KCS) and KRISO Tanker (KVLCC2). EacH farim was
modelled in three different scales (i.e. mesiehle, moderatscale and fulkcale) with

a range of Froude numbers. From the simulations, the effect of hull fouling on ship
hydrodynamic characteristics was investigated for the different sbgades and

speeds.
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Finally, Chapter 11 provides a comprehensive summary of this PhD thesis, including
the achievement of the research aim and objectives, main conclusions, novelties and

contributions to the field, and the recommended future works.

1.6. Chapter summary

The general perspectives, the motivations behind the PhD study, the aim and objectives,

and the structure of the thesis have been presented in this chapter.
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2.Literature review

2.1. Introduction

An extensive literature survey was conducted in rédevant field to identify the
literature gaps and justify the aim and objectives of the PhD study.

In section 2.2, a brief review on timearine biofouling is presented, including the
definition of the terms, classification of marine biofouling and phecess of the
marine biofouling formation. Section 2.8views the fouling control coatingSection

2.4 presents pieces of evidence of the critical impacts of biofouling on ship resistance
and propulsion performances. Sectiob gives general informatioof the relevant
background theories, including the boundary layer concept, roughness effect in the
turbulent boundary layer and different methods for the roughness function
determination. Section @.and 27 present statef-the-art studies predicting &
fouling effect on ship resistance and propulsion performances, respectively. Finally,

research gaps are identified in sectidh 2.
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2.2.  Marine biofouling

2.2.1.Definition of biofouling

Atonetime,thetermd f oul i ngé was wused t o adamsms ngui s
on artificial structures from those occurring on rocks, stones, and other natural objects.
Later, however, the definition of &é6foulin
of adsorption, colonisation and development of living andlivamg material on any

solid surface (Redfield et al., 1952; Lewis, 1998). Redfield et al. (1952) claimed that

there are nearly 2,000 species of animals and plants reported to cause biofouling. These
include 615 types of plants and 1,361 varieties of animaysir&i2.1 illustrates the

typical plant and animal fouling types detailed by Atlar (2008).

The marine organisms may be categorised by their sizes into microfouling and
macrofouling. Microfouling is the accumulation of microbial forms such as bacteria,
fungi, and microalgae and their secretions, whereas macrofouling is the accumulation
of macroscopic organisms such as oysters and barnacles on submerged surfaces (Little
and Depalma, 1988).

Marine Fouling Types

Plant

—

|
Microalgae Macroalgae *
(slime) (weeds)
|
| I |
‘Rcd‘ ‘Brown‘ ‘Grecn‘

Figure 2.1 Classifiation of marine fouling types, adapted from Atlar (2008)
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2.2.2.Microfouling

Biofouling process often begins with the accumulation of microfouling organisms.
Where the conditions are met, bacteria such as Thiobacilli, and/or other
microorganisms quickly colonise any substrate placed in seawater (Gehrke and Sand,
2003). They form stc k y coatings commonly referre
accumulation of biofilms is often a precursor to subsequent fouling by macrofoulers
(Chambers et al., 2006).

Little and Depalma (1988) identified the four stages in the formation of the biofilm; (i)
conditioning (i)c ol oni sat i on b(gtachnpentyii) eoomisat®mby c i e s 6
other microorganismgcolonisation) and (iv)growth Figure 2.2 illustrates the four

stages in the formation of the biofilm (Chambers et al., 2006). The stagfe,
conditioning begins within seconds of a surface being immersed with the formation

of a film of both organic and inorganic matter adsorbed from the aquatic phase. The
Opioneering species6 can now colonise th
small, rod-shaped bacteria, which attach within several hours. The early attachment is
weak and reversible until the bacteria secrete extracellular adhesive polysaccharide
and secure noreversible attachment. Once the primary colonisers settle down on the
surface, they start to assimilate nutrients and synthesise extracellular polymeric
substances (EPS), which accumulates in the surface deposit. Tharttirfdurth
stagesthen proceed rapidly. The secondary colonisers, such as stalked or filamentous
bactera, diatoms, other microalgae, and protozoa. The colonisers grow, reproduce,

and synthesise ER®hich plays essential roles in the growth of biofimgrédates a

gel matrix providing enzymatic interaction, exchangenofrients in the biofilms,

protectbn against environmental stress and increased resistance to biocides (Videla,
1996; Morton et al., 1998). The formation of biofilpr®vides both a food source and

a convenient interfacto which the larger organisroan adhere (TitaBenbouzid and
Benboum, 2015).
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CONDITIONING ATTACHMENT COLONISATION GROWTH

WATER CHANNELS

STEEL SUBSfHATé A i

1 minute to | 1 hour to 24 hours to 2 weeks to
1 hour 24 hours 1 week 1 month
- Microorganism. Spore Adsorbed organics

- Larvae I:I Extracellular polymeric substances (EPS) E Seawater

Figure 2.2 Formation of biofilm, adapted from Chambers et al (2006)

2.2.3.Macrofouling

Several days to weeks after the first exposure of a surface, the last and longest phase
of fouling colonisationj.e. macrofouling, begins with the settlement, attachment and
growth of multicellular organisms (Lewis, 1998). A macrofouling community (Figure

2. 3), consisting of 0softod and Ohar doé
microfouling community. Soft fouligp organisms include algae and invertebrates, such

as soft corals, sponges, anemones, tunicates and hydroids, while hard fouling
organisms comprise invertebrates such as barnacles, mussels and tubeworms. Animal
species of macrofouling consists of amphipotisyrnacles, bryozoans, corals
echinoderms, hydroids, isopods, mussels, nemerteans, Platyhelminthes, sea anemones,
serpulid worms, sponges, and tunicates (Callow and Callow, 2002; Kumar and Doble,

2014). Some of these species produce an adhesive to atthehitnmersed surface.

The adhesion techniques of these macrofoulers are diverse and can often be a two
component process consisting of temporary and permanent adhesion. At the stage of
the critical larval development of those animal foulers, the laexptore a surface to

determine its acceptability before permanently settling on it. During this phase, the
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larvae use temporary adhesives to maintain a hold on the surface. If the surface is
found to be unacceptable, the adhesions are released to eMgoratize settlement

sites. The temporary attachment mechanism can be by either a suction apparatus or a
secreted sticky substand@nce the surface is determined as acceptable, permanent
adhesion is used for settling on the surface. Permanent attadsrbgrat hardened or

cured adhesive cement, sometimes reinforced with calcareous d€pesits 1998)

The adhesion and settlement is a key stage in the life cycle of the marine organisms,
and it is also an important aspect in the perspective of alntifolf this process could
be prevented, fouling could be controlled (Chamie¢ra., 2006).

MACRO-FOULING

Algae fouling

Hard shell 3w
organisms

Green algae Barnacles
| o 7 "’
e AT
'1‘ ‘\ . -

Encrusting
Bryozoans

” ARy
Spineless | o ]
organisms R

Red Algae Sponges Ascidians Tunicates

& -3
Grassor | % :
bush type | .. 3
organisms | '

Brown Algae

Figure 2.3 Typical macroorganisms, adapted from Bressy and Lejars (2014)
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2.3.  Fouling-control coatings

The foulingof ship hulls is often prolific as vessels move between a diverse range of
environments and remain in the most productive region, i.e. the photic zone, of the
water column (Chambers, et al., 2006). Hull fouling causes significant costs to ship
operationsThe increase in hull roughness due to hull fouling results in increased ship
resistance and corresponding fuel consumption as well as the cost associated with
drydocking. In the environmental perspective, the increased drag results in increased
greenhous@as (GHG) emission, as well as translocation of invasive alien species
(Bouyssou and Madjidian, 2013).

In this context, foulingcontrol systems are essential to minimise the-foeationed

impacts of marine biofouling.

Although many norchemical methodsjncluding ultrasonics, electric currents,
magnetic fields and optical methods have been proposed, toxic coatings have been the
most popular antifouling method due to their unbeatable antifouling performance and
low cost. Toxic antifouling coatings are rggused as the most cestfective over the

many types of antifouling methods. Their advantages include ease of manufacture,
high speed and lowost application, durability, and applicability to a variety of
structural forms and compositions (Little and Blepa, 1988). Toxic antifouling
coatings contain toxic chemicals, whiaretermed as a biocide. Biocide in the paint
surface is gradually released into seawater, such that a toxic layer is formed around the
hull. This layer prevents fouling species frontaahing to the hull, either by killing

the fouling organisms ateterringtheir settlement.

Coatings must maintain a certain level of biocide release. Once the leach rate falls
below this level, whether through biocide depletion in the coating or bythwfion

of insoluble precipitates on the coating surface, the antifouling action will cease and
the marine organisms will start to settle on the surface. As a result, the effective life of

typical coppetbased biocidal coatings rarely exceeds 18 montbwid, 1998).
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I n the |l ate 19600s organotin cat@prgunds
antifouling paints, because of their unbeatable antifouling ability and numerous other
advantages, such as an effective life of 5 years or more, controllabldebrelease

rate, and ability to overcoat without loss of activity (Lewis, 1998putyltin (TBT)

Is the most used organotin compound but &isphenyltin (TPT) is used.

When these organotin compounds were first introduced, they were thought to be
environmentally safe because they degraded rapidly to harmless inorganic forms of tin.
Unfortunately, research revealed that the TBT exposure causes severe impacts on
marine ecogstems including the malformation of oyster shells and imposex of
gastropod molluscs (Alzieu et al., 1986; Gibbs and Bryan, 1986). Eventually, the
International Maritime Organization (IMO) banned the application of antifouling
coatings which contain TBT i8003 and banned the operation of ships coated with
TBT paints in 2008 (IMO 2001; Champ 2003).

Modern fouling-control coatings can be classified into two main groups by their
compositions: eblmgidal.c Biodidal dpatingsnidcludé iCantrolled
Depletion Polymer (CDP), SeRolishing Copolymer (SPC), and Hybrid SPC and
Non-biocidal coatings. Noiiocidal coatings can be listed as foelease coatings

(FR), which is also termed as nsetick coatings.

A comprehensive review of the modern appre@ascho environmentalriendly
antifouling systems can be found in Chambers et al. (2006). Table 2.1 compares the

performances for the key antifouling systems.
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Table 21 Performance comparison for the key antifouling systeses, adapted from
Chamber et al. (2006)

Antifouling Cost per
system Leaching rate Lifetime  Erosionrate  nv? Problems
Chemical <m§mh .
(TBT) self reaction through Polishin.g
Eggﬂ‘;fﬁ’er Eggt%sn's'zone of 45years leads  to $680,884  Banned 2008
paints abl ati on smoot_hlng,
deep. reducing _fuel
consumption.
(Tin-free) Cherr_]ical Polishing Life time shorter th_an
self reaction through leads _ to TBT-based paint
polishing hydroly5|s_ of 5years smoot_hlng, $1,382,670 system_s.
copolymers copper, zinc, anc reducing fuel Increasing the overal
silyl acrylate consumption. cost of ship maintenance
Hard nonpolishing
. formance leads t
(Tin-free) 1218 coating buid
; 24 1 g buila up.
g(;mientlonal 10>g cm “d months N/A N/A Performance only
suitable for low fouling
environments
Biocide release no
dContrqI Physical Matrix erodes constant, — poor _self
epletion . - smoothing, little activity
polymers  dissolution, 3years dU€ 0 $1,357,786 during idle times, highel
. works by having dissoluton of D U
(CDPs) i . - . costs due to necessity ¢
a soluble matrix coating binder

sealer coat on recoat
Slow drying time.

copper paint

Low ener In-water cleaning
surface some?}é difficult as brushes may
Foul release ! 2-5years N/A N/A damage silicone, fou

leached silicone

oils release coatings are pror

to abrasion damage

The rosinbased Controlled Depletion Polymer (CDP) uses the hydration process to
release biocides into the sester. Seawater migrates into the CDP paint film which in

turn dissolves rosin and biocides, which leach into the sea. The rate of biocide release
falls exponentially with time. Initially, the rate of release is wastefully high, then falls
rapidly towards apoint at which insufficient biocide is released to prevent the
settlement of the fouling species (Lewis, 1998). The leached layers can become thick
and increase the hull roughness. In general, the performance of CDP is considered as
poor, but they are #tipreferred for vessels which have short drydock intervals and

those operating in low fouling regions due to their low cost (Atlar, 2008).

The banning of TBT led to the development offtiee SelfPolishing Copolymers

(SPC). SPCs have good initial hydgmamic performance due to their smooth surface
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and the selpolishing action. The dissolution rate of biocides is controlled via
hydrolysis, resulting in better antifouling performances. SPCs can remain effective for
up to 5 years. Accordingly, they areeferred for vessels which have longer drydock
intervals (Atlar, 2008; van Rompay, 2012).

The biocide release mechanism of Hybrid SPCs may be regarded as a hybrid of
hydrolysis and hydration, combining SPC acrylic polymer with a certain amount of
Rosin. The performance and price of Hybrid SPCs, therefore, arenaydbetween

the CDP (rosirbased) and SPC (Acrylic based). Figure 2.4 compares the prices and
performances of these three biocidal antifouling coatings.

“Self-Polishing Copolymer? SPC

Hybrid
SPC

PERFORMANCE

CDP “Controlled Depletion Polymer”

PRICE

Figure 2.4 Comparison of the performance and price of the key biocidal antifouling
coatings, adapted from Atlar (2008)

Foul release (FR) coatings, on the other hand, are a bifseelesolution to control
fouling. FR coatings function @uo low surface energy which degrades the organisms
adhesion strength. Consequently, the organism detaches under its own weight or is
dislodged by the friction of water (Lewis, 1998). However, due to its releasing
mechanism, FR coatings are not effecfowdow form biofoulers (e.g. diatoms) which

experience relatively lower shear stress, and the antifouling performance is highly
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dependent on the ship speed. For this reason, FR coatings are not appropriate for slow
ships and for ships spending a long timports (Candries, 2001; Candries et al., 2003).
Recently, Hunsucker et al. (2014) compared the antifouling performances of a copper
based SPC coating and an FR coating, by applying them on-seovite cruise ships

with the same cruise cycles. Greaiehness of diatom species was found on the ship

hull coated with the FR system compared to the ceppsed SPC coating.

2.4.  The effect of biofouling on ship performance

2.4.1.0n ship resistance

The penalty of increased hull roughness due to biofoulisipsspeed loss at constant
power or power increase at a constant speed. Either of which results in economic and

environmental penalties (Townsin, 2003).

The critical impacts of hull roughness on ship resistance has been noteleqaest

150 years, sice the very first experimental investigation of the effect of hull roughness

on a destroyer by Froude (1872, 1874), as reported by van Manen and van Ooossanen
(1988). As reviewed by Redfield et al. (1952), the first comprehensive tests of the
effect of foding on the frictional drag were conducted by McEntee (1915). Flat plates
were coated with anticorrosive paints, exposed in the Chesapeake Bay, and then towed
periodically to determine the frictional resistance. The results showed that the
resistance of # plate increased up to four times due to the barnacles on the surface
after twelve months. Hiraga (1934) reported the effect of biofouling on the resistance
of a towed brass plate coated witenezianicomposition. The plate was towed after

24 days of immarsion and showed a 20% increase in the total drag with grown slime
and barnacles on the surface. Izubuchi (1934) conducted-scéldl towing test to
examine the effect of fouling on ship resistance using the Japaneksstexyer,
Yudachi This vessel ws docked, painted, and had the propeller removed and

immediately subjected to a towing test. The towing tests were repeated at intervals to
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show the effect of hull fouling by time. Figure&sZhows the significant increases in

the resistance of the destew, Yudachj after various periods. The increase in the
resistance at 16 knots, for example, is more than 100% after 375 days due to the surface
fouling. Unfortunately, any information about the fouling condition of the destroyer,

Yudachj during the tesperiods is not reported.
181
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Figure25Resi st ance of destroyer 6éYudachi & towed
adapted fronRedfield et al. (1952)

Kempf (1937) investigated the effect of fouling the frictional resistance of a-77
metre long pontoon. By conducting a series of towing tests, he developed a Roughness
Coefficient,0 , to quantify the effect on frictional resistance. Bhevalues are gien

in Table 22, which are to be added toneoth surface coefficients, , given by

Equation 2.1.



where,Y denotes the frictional resistance of the rough pontbamthe water density,
"Yandw is the wetted surface area and the velocity of the pontoon, respectively.
Utilising this data, Redfield et al. (1952) showed that the frictional resistance of a
surface with 0.118 to 0.1&#ch barnacles covering 25% of the area is more than 100%
larger han the frictional resistance of the smooth surface.

Table22Ke mp f 6 s R o u g h nbe)sadapt&ddrent Redfield eeah {1852) (

Surface 0
Plane, smooth surface of steel plates, with new paint but witivets, butts, ® -
and strapsAverage roughness about 0.6ih2h P
Same as 1, but with butts O-i#&h high, spaced every M pT
Old coppersheathed (L pTI

New hull with new paint in normal condition with rivets, butts, and straps T L p Tt

Normal hull surface like 4, but after 22 years of service, newly painted bu W p
with roughening from rust P
Plane surface with sand particles 0.08%h in diameter, covering 100 per 80 -
cent of area P P

Plane surface with barnacles 0.16®t157 inch high, covering 25 per cent

of area o8l p T

There have been studies devoted to the effect of biofilms on ship resistance. The effect
of slime film on the fictional resistance was surveyed by Benson et al. (1938), using
towed plates covered with slime. Denny (1951) observed a 5% increase in the skin
friction on theLucy Ashtorafter the vessel was moored for 40 days. The increase was
attributed to the thin coat of slime and deterioration of the bituminous aluminium paint
on the hull. Experiments on slinomated concentric cylinders, rotating disks and

ship model were conducted by Watanabe et al. (1969). Extrapolating the experimental
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result, they predicted an increase in-&dhle ship resistance ofl®% due to the slime

fouling.

There have been studies investigating the effect of slimes witlgtmacid roughness,

with a hypothesis that thin slime films on rough surfaces may reduce the frictional
resistance by effectively smoothing it. However, it was found that the slime on the
rough surface increases the frictional resistance even more. Lodb (@1984)
conducted rotating disk tests to verify the hypothesis. They measured the frictional
resistance of a pmoughened rotating disk before and after biofilm formation. The
result showed 10% higher frictional resistance for the fouled disk. Lewkaw&tbDas
(1986) showed a similar result, by conducting towing tests using uniformly distributed
nylon tufts attached to a rough flat plate to mimic a marine slime growth. They found
18% higher frictional resistance for the model slime with a backgrourghness
compared to that of the background roughness alone.

Lewthwaite et al. (1985) carried out an experiment measuring the boundary layer
velocity profiles on a 23m fleet tender. An 83% increase in the frictional resistance
and a 15% reduction in shipesgx were observed over thgg@ar exposure. Haslbeck
and Bohlander (1992) conducted a-&dhle trial on a Knox class frigate which was
coated with an ablative antifouling paint. The delivered power and ship speed were
measured after 22 montheingmoored in Pearl Harbour. With a slime film and little

macrofouling on the hull, an 18% increase in the delivered power was observed.

Schultz and Swain (1999) conducted experiments to study the effect of biofilms and
algae on skin friction. The experimenwolves boundary layer measurements in a
recirculating water tunnel using a Laser Doppler Velocimeter (LDV). The result
showed up to 370% increase in the skin friction due to the slime and algae on the plates.
Schultz (2004) carried out towing tests usiitay plates exposed to seawater and
concluded that the most dominant effect on resistance was the height of the largest
barnacles on the plates. Andrewartha et al. (2010) conducted an experimental study to
investigate the effect of biofilm on skin frictiaising a recirculating water tunnel. The

test plates were deployed in the open channels of a hydroelectric power station

(Tarraleah Power Scheme, Tasmania, Australia) for varying durations for biofilm
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growth. They measured up to 99%erease in the dragf the test plates due to the

biofilms on the plates.

Hunsucker at al. (2016) conducted static and dynamic immersion tests to examine the
role of hydrodynamic wall shear stress on the growth of biofilms. The immersed test
panels were exposed to three d#éiiet conditions; one static condition and two
dynamic conditions (with different wall shear stress). As expected, the static and
dynamic panels showed significantly different fouling community compositions after
35 days of exposure. Despite the existerickfferent fouling community composition,

the skin frictions measured on the panels were very similar, suggesting that the
frictional drag of low form and soft fouling communities are similar and that there may
be a stepwise increase in frictional dragazsated with the presence of mature

calcareous organisms.

Li et al. (2019) investigated the effeaft marine biofilm on the surfaces coated with
different sized cuprous oxide (&D) particles. In order for the biofilms to develop
unde-s e bV nctors, the test danels were installed on a detachable twin strut
system, which was designed by Atlar et al. (2015), as shown in Figuréh2 strut
system was deployed under the mgaol plug of a catamaran research vessel,
Princess Royaland exposediithe sea with various periods. The frictional drag of the
test panels was measured using a turbulent flow channel after ewsegk6
deployment period. The result showed up to 83% increase in frictional drag due to the

biofilm developed for 6 months.

PRINCESS RoYAL

BLYTH
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Figure 2.6 Testing panels installed on twin strut assembly (left) and the strut system
deployed under the mogoool plug of the research vessel (right), adapted fromt al.
(2019)

Recently, there have beawtive studies using replicated fouling geometries, which
are recreated through casting, 3D scanning and printing, etc., to investigate the effect
of biofouling without introducing the real fouling into experimental facilities. Monty

et al. (2016) scannddyht calcareous tubeworm fouling, scaled and reproduced for
wind-tunnel testing to determine the equivalent sand grain roughfesdsing the
obtained equivalent sand grain roughness, they predicted a 23% increase in the total
resistance of a frigatdue to the light calcareous foulin@emirel et al. (2013)
conducted an extensive series of towing test of flat plates coveredasifibial
barnacle patches tbtainthe roughness functions of barnacles with varying sizes and
coverages. Different @5 of real barnacles were 3D scanned and printeatiticial
barnacle patched.he result showed 119% increase in skin frictiomnith the most

severe fouling condition (i.e. big barnacles, 20% coverage). Uzun et al. (2020)
extended the study of Demiret al. (2017a) to investigate the effect of the settlement
pattern of barnacl es. A chaotic settl eme
designed to represent real barnacle settlement in nature. The result showed that
changes in settlement patiealone can cause up to 10.5% additional frictional

resistance.

2.4.2.0n propeller performance

There have been relatively few studies investigating the roughness effect on propeller
performancesBengough and Shepheard (1943) reasoned that the ddb&Sdfowey

which failed to reach to its designed speed can be attributed its fouled prafyeker.
subsequently docked, the propellers were found to be almost completely covered with
calcareous tubeworms. The target speed could be finally achieved after cleaning th
propeller. McEntee (1916) conducted experiments on artificially roughened model
propellers to compare the efficiencies of similar propellers in different surface

conditions. A model propeller was painted and stippled while the coating was wet to
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rougherthe surface. As shown in Figureé/2the efficiency loss was about 20% due to

the roughened surface. In another test, they used a propeller covered with ground cork,
which resulted in an efficiency drop of 35%. Taylor (1943) insisted that even the ships
operating with a propeller in moderately good condition can suffer a power loss in
order of 10%. Townsin et al. (1981) recognised that propeller fouling can be as
destructive as hull fouling but the remedy is much cheaper. Mosaad (1986) claimed
that althoughthe impact of propeller fouling may seem less severe than hull fouling,

the losses per unit area are much greater.
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Figure 2.7 The efficiency of a model propeller in the smooth condition and after rougheni
by stippling a wet paint coating, adapted from McEntee (1916)

Mutton et al. (2005) compared the propeller open water performances in intact and
damaged coating conditions and showed reduced propeller efficiency under the
damaged scenarios. Korkut andak (2009) conducted experiments to examine the

roughness effect of foul release coatings on the propeller open water performances.
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An interesting finding from their experiment is that whilst the applied foul release
coating increased the roughness amghs, it also reduced the texture amplitude,
which results in slight decreases in both of thrust and torque, and a small reduction in
overall efficiency.
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2.5.  Roughness effect on turbulent flow

As reviewed in section 2.4, it is evident that the effect ofcuilifig deteriorates the

ship performance. In order to find the rationale behind the roughness effect on ship
hydrodynamics, understanding the turbulent boundary layer concept is essential. This
section, therefore, briefs the theoretical information inclgdhe turbulent boundary
layer, roughness effect on the velocity profile and the definition of the roughness
functions as well as the experimental techniques for the roughness function

determinations.

2.5.1. Turbulent boundary layer

The boundary layer concepgs first introduced by Ludwig Prandtl in 1904, as a thin

region near the surface of an object in a fluid flow (Schlichting, 2017). He reasoned

that, in the fluid flow around an object, the velocity at the surface of an object is zero

(i.e. noslip conditon) whereas the velocity of the fluid flow is the freestream value at

some distance away from the object (i.e.fseam velocity). Accordingly, a velocity
gradient occurs in the thin | ayer betwee
| ay er Ohicknebsha thea boundary layér,, increases as the fluid moves
downstream. Figure illustrates the velocity gradient in the boundary layer and the

growth of the boundary layer thickndss,schematically. This thickne$s, is usually

described adk distance between the wall and the point where the velocity magnitude

of the flow reaches 99% of the frsream velocity,”Y .
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Figure 2.8 Boundary layer at a flat plate at zero incidences, adapted 8ohlichting (2017)

The development of the boundary layer is dependent on Reynolds nif{igiee, Y §
defined as

Y @ (2.2)

where,”Y , @and’ are the freestream fluid velocity, downstream distance, and
kinematic viscosity of the fluid, respectively. Figured 3jives an example of a
boundary layer developing over a flat plate. As shown in the figure, the flow remains
laminar for a distance dowtneam. In this laminar region, the flow creates less skin
friction than turbulent flow. After a certain distance from the leading edge of the plate

(,e.w ), instabilities arise and the flow begins to transition to a turbulent flow.
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Figure 2.9 Sketch of laminaturbulent transition in the boundary layer on a flat plate,
adapted from White (2006)

In the flow around a ship, tHaminar region takes a very small portion while the
turbulent boundarlayer covers the majority of the hull. For example, when the critical
Reynolds number for a typical flat platéQ LU p Ttis used, the transition for a

230mlong container ship cruising at 24 knots occurs after 5cm from the leading edge.

As illustrated in Figure 20, the turbulent boundary layer can be divided s#weral
regions. In the inner region, consistingtbé viscous sublayer and ldgw region,
about 70% of velocity variation occuiagthough this layer is as thin as only-20%

of the turbulent boundary layer thickness (Schultz and Swain, 2000).
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Figure 2.10 Velocity profile in a typical turbulent boundary layer, adapted from Shapiro
(2004)

The mean velocity profile in the inner regi can be expressed by using the-non

dimensional velocity and length, given by

. Y (2.2)
Y W
wyY

& (2.3)

WhereYis the mean velocity at the normal distanceodfom the wall,”Y is the
friction velocity defined as t ¥, T is the wall shear stress, ands the kinematic

viscosity defined as the ratio dfnamicviscosity and the fluid density 1" .
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The viscous sublayer can be further divided into the liseatayer and the buffer
layer. In the linear sublayghe wall restricts the eddy motion, therefore, no turbulence
IS expected anthereforethis layer is also referred tmear sublayer. In thdinear

sublayer, the velocity profile can be expressed by

~

Yo (2.4)

In the buffer region, the velocity profile begins to lose its linearity. The velocity profile
in the loglaw region, as the name suggests, follows thddag For a smooth surface,

the loglaw is given by

W Py oa o (2.5)
I

where,ll is the von Karman constant ands the loglaw intercept. The remaining 80

90% of the turbulent boundary layer is referred to the outer region. The fluid motions

in the outer regionddl T O §&® are assumed to be independent of thedflui
viscosity or surface roughness while the velocity profile in the inner region is certainly
affected by them (Karman, 1934). That is to say, the mean velocity and the turbulence
intensity in this region are assumed not to be affected by the surfaceaw)die.
Townsendds hypothesis (Townsend, 1976) .

by the following equation.

YO (2.6)

In the outer region, the velocity profile startsdepartfrom the loglow, and this is
termed ashewake. Cdes (1956) introduced thew/ of the wake to correlate the effect
of the turbulent wake defect with the velocity profile. Using Coles wake function, the

velocity profile in the wake region can be expressed as

v Bk s S0EIS 1)
I I ¢
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where,l is the wake parameter, which is generally a function of the pressure gradient
(Schetz, 1993).

2.5.2.Roughness effect in the turbulent boundary layer

The surface roughness causes an increase in the turbulencengegjuences, the
turbulent stress, wall shear stress and finally the skin friction incz€dse increase

in skin friction decreases the momentum of the flow, and this momentum loss due to
the roughness effect can be observed in the velocity profile in thiawogegion.
Clauser (1954) showed that the roughness effect results in a downward shift in the
velocity profile in the logaw region as seen in Figure 2.1This downward shift is

termed the roughness functiom,Y .

Smooth Case

Rough Case
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Figure 2.11 Velocity profile on smooth and rough walls, adapted from Shapiro (2004)
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The generated velocity profile inthelog-law region forarough surface ithen given
as

. (2.8)

The roughness functiony’Y can be expressed as a function of the roughness
Reynolds numberQ) , defined as
. QY _
Q- (2.9)
It should bebornein mind thatwY simply vanishes in the case of a smooth condition,

such that the velocity profile collaps® the smooth velocity profile, and Equation 2.8
becomes Equation 2.5.

Once the roughness functiany  "Q'Q , of a certain roughness surface is known,
it canbe utilised with the boundary layer similarity law analysis (Granville, 1958, 1978)
or directly embedded into a CFD solver to predict the roughness effect on the frictional

resistance of a ship covered with the given roughness (Demirel et al., 2014).

Another interesting point to note is that the rough wall does not affect the shape of the
mean velocity profile of the outer region (Hama, 1954; Clauser, 1954). As a result, the
mean velocity profiles for smooth and rough walls collapge each other in the
overlap and outer regions of the boundary layer. That is to say, the turbulence outside
the inner layer is not a function of surface roughness. This suggests that the hypotheses

of Townsend (1976), and Perry and Li (1990) is valid for rough walls.

Althoughthere have been several studies showing the changes in the velocity defect
law due to the surface roughness (Krogstad et al., 1992; Tachie et al., 2000; Keirsbulck
et al., 2001; Acharya et al., 1986), the majority of the studies experimentally
demonstratéhe validity of this hypothesis (Bandyopadhyay, 1987; Raupach et al.,
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1991, Krogstad and Antonia, 1999; Antonia and Krogstad, 2001; Schultz and Flack,
2003; Shapiro, 2004; Schultz and Flack, 2005; Flack et al., 2005; Kunkel and Marusic,
2006; Schultz anBlack, 2007 Schultz and Flack, 2008} nalet al., 2012; Flack et al.,
2016). An example of the velocity defect profiles of smooth and rough walls collapsing
each other is shown in Figure 2.1
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Figure 2.12 Collapse of velocity defect profiles faffdrent surfaces, adapted from Schultz
and Flack (2009)
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2.5.3.Determination of roughness functions

Roughness functions are of practical importance, as the frictional resistance of any
structure covered with a specific roughness can be predicted usingribiodemnt
boundary layer similarity law analysis (Granville 5891978). Furthermore, it enables

the use of CFD methods by avoiding the most difficult barrier of describing the actual
hull surface numerically in CFD (Atlar et al., 2018). However, sincerdhghness
function is not universal for all roughness types, the roughness functions need to be
determined for individual roughness types (Schultz and Myers, 2003).

The determination methods of roughness functions can be categorised into direct and
indirect methods. The direct method involves the measurement of the velocity profile
of the logarithmic similarity law close to the specified rough wall (Granville, 1987).
Using this method, the shift of the velocity profile due to the roughness effect can be
compared and the roughness function of the surface is directly obtained. However, the
direct method requires the measurement of the boundary layer profiles, which requires
more accessible channels and costlyugetystems (e.g. Laser Doppler Anemometry).
Furthermore, using direct methods the determination ofY (for non-
dimersionalisation of the velocity profile) for a roughvall profile is more prone to

error, since the choice of tieorigin will directly affect thew'Y values (Schultz and
Myers, 20@).

On the other hand, indirect methods are generally simpler and more convenient as they
are more readily attainable and require a less expensive investment to measure
compared to the direct methods (Granville, 1987). Granville derived several indirect
methods including local method with displacement thickness (Granville, 1987) based
on the work of Hama (1954), the overall method for towed plates (Granville 1958,
1987), the indirect method for rotating disks (Granville, 1982, 1978), a local method
without displacement thickness (Granville, 1987) and finally the indirect method for

pipes (Granville, 1987).
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2.5.3.1. Local method with displacement thickness

The local method with displacement thickness (Figur8)arivolves measurements
of the displacement thickness, and local skin friction coefficientsy ¢t 7°7Y,
of both a smooth and rough surface. The roughness functions can then be obtained by

subtracting™Y from 7Y at the same value of displacement thickness

Reynolds numbeiYQ: "Y1 °T, as

— — (2.10)
WY i hl
® ®

where, thss arddénbpe émooth and rough sul
The corresponding roughness Reynolds numberis calculated as

(2.11)
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Figure 2.13 Local method with displacement thickness, adapted from Granville (1987)
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2.5.3.2. Local method without displacement thickness

Granville (1987) proposed a local method which does not require the measurement of
displacement thickness (Figure 2)1 This method involves measurements of the local
skin friction coefficientsgo, and the Reynolds numbers of the smooth and rough
surfaces. The roughness function can be obtained by compariggahthe smooth

and rougtsurfaces at the same valueot, as given by

= = (2.12)
Y S S & 2 2
@ w w P C C
The corresponding roughness Reynolds numieris calculated as
- = (2.13)
. x Q
Q YO —S- —
()

7 L‘;ﬂ;;(Rz "-;‘)

Figure 2.14 Local method without displacement thickness, adapted from Granville (1987)
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2.5.3.3. Overall method

Overall method (Figure 25) can be used for a flat plate towing test. This method

involves the measurement of the global frictional resistance of the toweddplate,

. The roughness function and corresponding roughness Reynolds number can

be obtained as

- —_ “ Y (2.14)
6 0 q q
- o}
E3~'Y R
I C
e o _ - (2.15)
o Q YQO o -
0 L
U C 0 I 0 I cl C

where, 0 is the length of the towed plat¥Q is the Reynolds number based on the
plate length and the towing speedy is the slope of the roughness function against
I 1Q. Itis of note that thé values of smooth and rough conditions are the values at
the same value 6YQ 0 (Granville, 1987). As the equations are implicit, those values

need to be determined in anréBve manner.
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Figure 2.15 Overall method, adapted from Granville (1987)

2.5.3.4. Indirect method for pipes

The indirect method for pipes (Figure &) involves measurements of pressure drop
and the mean bulielocity, ™Y, of smooth and rough pipes. The roughness function

and corresponding roughness Reynolds number can be obtained as

- (2.16)
- G C
e o
. Py i Q (2.17)
Q —=Yo % g

where,’Q; and™Q; are the Fanning friction factors measured in the smooth and rough

pipes at the same value ¥fQ "Q,'Y Qis the Reynolds number based on the pipe

diameter and bulk velocitD is the pipe diameter. It is of note that these equations
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can be also esl with the pressure drop measurement in 2D channel flow by calculating
the hydraulic diametef) , of the channel (Schultz et al., 2015; Li et al., 2019).

Figure 2.16 Indirect method for pipe flow, adagat from Granville (1987)

There have been a large number of experimental stud@esteéomine theoughness
functions WY , and the corresponding roughness Reynolds nurierysing the
indirect methods derived by Granville (1958; 1978; 1982; 198l dmg the local
method with displacement thickness (Schultz and Swain, 1999; Flack et al., 2005;
Schultz et al., 2015)helocal method without displacement thickness (Karlsson, ;1978

Li et al., 2019, theoverall method (Schultz and Myers, 20&ghultz, 2004; Shapiro,
2004; Demirel, 2015; Demirel et al. 2017#)erotating disk method (Schultz and
Myers, 2003; Holm et al., 20049r the turbulent channel flow method (Schultz et al.,
2015; Li et al., 2019).
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2.6.  Prediction methods for the roughnesseffect on

full -scale ship resistance

2.6.1.Boundary layer similarity law analysis

The boundary layer similarity law analysis, which was proposed by Granville (1958;
1978), can extrapolate the skin friction over a rough surfelee.merit of using this
method isthat once the roughness function of the surface is gitles,full-scale
roughness effect on an arbitrary length of the body covered with the same roughness
can be predicted

There have been many studies using this method to predict the frictionahesista

a ship with hull fouling or marine coatings (Schultz, 2002, 2004, 2007; Shapiro, 2004;
Flack and Schultz, 2010; Schultz et al., 2011; Demirel, 2015; Demirel et al., 2017a,
2019; Li et al.,, 2019). More specifically, Schultz (2004) compared theongii
resistance of a 150 m flat plate with different antifouling surfaces in unfouled, fouled

and cleaned conditions. The increases in the frictional resistance of such surfaces were
predicted usi ng Granvill eds met hness ut il
functions. The increase in the frictional resistance of the surfaces in fouled condition
ranged from 50% for an SPC TBT coating to 217% for a silicone coating. Using the
same method, Schultz (2007) predicted the power penalty Ofieer Hazard Pery
classfrigate of 144 m with different coating and fouling conditions. The increase in

the required shaft power at a constant speed (30 knots) due to the heavy calcareous
fouling condition was 59%, while the speed loss at a fixed power was 10.7%. Shapiro
(2004) used Granvillebds met h®OG5tldasse st i ma
destroyer of 150 m length due to different roughness conditions. The added annual fuel
cost due to fouled ship bottom paint was estimated to be 3.0 million USD. Schultz et

al. (2011) investigated the overall economic impact of hull fouling on a 1A8eaigh
Burkeclass destroyer. The fuel costs due to different fouling conditions were
estimated based on the similarity law analysis and compared with other costs

associated withntifouling activities. The results indicated that the costs related to hull
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cleaning and painting are much lower than the added fuel costs due to hull fouling.
Demirel et al. (2019) generated added resistance diagrams to be used for the prediction
of theeffect of different hull fouling conditions on the resistance and powering of ships
with arbitrary lengths and speeds. The similarity law analysis was conducted using the
roughness length scales of different fouled surfaced proposed by Schultz (2007).

However, Granvill eds similarity | aw sca
assumption of flat plate (Atlar et al., 2018). In other words, this method only considers

the roughness effect on frictional resistance. However, recent studies claim that the

hull roughness not only affects the frictional resistance but also the other pressure
related resistance componeriBemirel et al.,, 2017b; Farkas et al., 2018, 2019;
Andersson et al., 2020Another restriction of this scaling method tlsat only a
constamnroughness Reynolds numb#&,, (i.e. uniform’Q over the flat platejs taken

into account in the calculation to represent the roughness effect on the whole flat plate,
which is not realistic as the local friction velocity,, varies by the flow beg

developed alongyith the flat plate in reality (White, 2011).

2.6.2.Application of CFD

Implementationof computational fluid dynamics (CFD) is an effective way to
overcome thd&imits of thesimilarity lawscaling (i.e. flat plate assumption and uniform
distribution of Q). In CFD simulatios the distribution of the local friction velocity,

0 , is dynamically computed for each discseti cell, and therefore the dynamically
varying roughness Reynolds numbeég) , and corresponding roughness function,

wY , are dynamically calculated in the simulatioasg hence the roughness effect on

ship resistance can be more accurately predi@edhirel et al. 2017pbAtlar et al.,

2018. The simulations are free from the scale effects if they are modelled-stdidl

The 3D effects can be also taken into account. Therefore, the roughness effect on other

resistance components and the effect on the propeller performance can be simulated.
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There have been several studies investigating the roughness effect of roatimgsc

and biofouling on ship resistance using CFD simulations. Patel (1998) remarked that
once the roughness function modgly "Q'Q , of the roughness type is known,
thegiven roughness function model can be employed into thefwadtion in the &D

so that the wall boundary condition in the simulation represents the roughness on the
surface. Date and Turnock (1999) proposed a numerical approach modifying the wall
function coefficient to predict the roughness effect on frictional resistaf a fat

plate. However, themethod canmt directly represent the viscous flow ovieerough

surface ashe dynamically changing values afY , is not considered in the CFD
computation. lzaquirrdlza et al. (2010) conducteslCFD simulation of a flat plat

coated with marine coatings using S§T turbulence model and showed a good
agreement with the experimental resulowever they did not provide any
information about the roughness function model employed in their CFD model and
valid evidence of theselection of the roughness height of the coatitgzm and
Hoekstra (2011) examined the effect of sgnain roughness on skin friction of a ship
length flat plate and further asserted that the roughness can be accurately simulated
using either walfunctions or neawvall resolution. However, there is a continuing
concern by ITTC (2011) in the use of sand grain rougheessn ce t he r e al

surfaces do not show the behaviour of closely packed sand roughness.

Demirel et al. (2014), on the other hand, deped a CFD model for the prediction of
skin friction of antifouling coatings. They employed roughness functions obtained
from a series of towing tests of flat plates coated with antifouling coatings
validated the modified wafunction approach by coparing the results obtained by
CFD with the experimental data. They applied the same approach tersgip flat
plate simulations teredictthe frictional resistancef the ships witlthe antifouling
coatingsVargas and Shan (2016) implemented a medifvaltfunction in their CFD
models based on the equivalent sgnain roughness approach in conjunction with the
SST Q-1 turbulence model The roughness model was validated against the
experiments on rough towed plates covered with ggiaoh using towng tank and
flow channel (Schultz, 2004; Flack et al., 2007).
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There have been fewer studies carried out for the examination of the effect of the
surface roughness on 3D hull shep€astro et al. (2011) conducted fsdale
simulations of the KRISO contar ship (KCS) modifying the watlnction
coefficients according to the roughness height of the coating. However, they used a
fixed value of theroughness functioas the case of Date and Turnock (1989@mirel

et al. (2017bronducted simulations of alf-scale KCS. They proposed a roughness
function model representing a typical coating and different fouling conditions based
on the roughness functions of Schultz and Flack (2007) and employed the roughness
function into the walfunction of the CFD softare. The result showed up to a 107.5%
increase in the effective power of KCS due to the heavy calcareous fouling condition.
Also, they showed that the hull roughness affects the swaaleng resistance for the

first time. Farkas et al. (2018, 2019) coneédcCFD simulations to investigate the
effect of biofilm on the resistance a fsltale KCS, using a modifiedall function

with the implementation of the roughness functions of diatomaceous biofilm of
Schultz et al. (2015). By comparing the 3D KCS simalati with and without the
presence of free surface, they decomposed the ship resistance into individual
components. The result showed that the total resistance and frictional resistance of
KCS increase with the presence of biofilm, whereas the waaleng esistance
showed decreases. Seok and Park (2020) also used the modifieftineidn
approach to analyse the variation in resistance performance of three different
containership models. The simulation results were compared with the predictions
based on Twnsi nés formula (Townsin and Dey,

agreement.
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2.7.  Prediction methods for the roughness effect on

propulsion performance

As reviewed in section 2.4.2, it is evident that the propeller fouling deteriorates the
efficiency of mame propellers. Therefore, accurately predicting the effect of surface
roughness of marine propeller is also critical as ship energy consumption depends on
not only the hull resistance, but also the propulsion efficiency.

Although there have been sevelab-scale experimental studies investigating the
effect of surface roughness on marine propeller performances, as reviewed in section
2.4.2, relating the modsicale experiments to the fidtale roughness effect is not an
easy task owing to the unique figiee of the roughness effect. That is, the size of
surface roughness cannot be scaled up or down (Franzini, 1997).

While the roughness effect on skin friction can be extrapolated using the boundary
layer similarity law analysis of Granville (1851978), this method may not be
appropriate for propellers as the boundary layer similarity law analysis is limited by
the assumption of zero pressure gradient. In other words, this method cannot consider
the threedimensional effect and inevitably it cannot prdpeonsider the roughness
effect on the pressure field around the blades, which dominates the thrust and torque

of the propeller.

For this reason, the roughness effect on thesttdle propeller performance is not well
established yet. Atlar et al. (200@)nducted numerical calculations to determine the
roughness effect on the propeller open water characteristics. They used a propeller
roughness comparator to represent the blade roughness after several years in service.
The increment of the blade sectidmag coefficient due to the roughness was calculated
utilising the early work of Mosaad (1986) and used in the numerical computation. The
result indicates that the loss of the propeller efficiency can be as high as 12 % with the

increase in torque and dease in thrust due to the surface roughness of the blades.
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Seo et al. (2016) conducted numerical predictions ckftdle propeller efficiency loss

due to surface fouling on the blades. They predicted the increased drag coefficient of
the blade sectiondsed on the boundary layer similarity law analysis derived by
Granville (198, 1978). Utilising the drag coefficients of different fouling conditions,
they estimated a 14.6% loss in propeller efficiency with small calcareous fouling

condition.

In these studies, however, the roughness effect on the propeller is only considered by
using increased blade section drag coefficients rather. Thus, these studies do not
consider the roughness effect on the fluid field around the propeller, which is closely

related to the surface pressure distribution on the blades. In consequence, they could
not observe a considerable roughness effect on the thrust coefficients, while significant

increases in the torque coefficients were observed from the calculation results.

Recently, Owen et al. (2018) investigated the roughness effect of biofouling on
propeller characteristics using CFD. A roughness function model representing
different fouling conditions was employed in the wfalhction of the CFD software.

The simulation results indicate that severe calcareous fouling can result in 30.3% of
efficiency loss compared to the smooth case. However, as the simulations were
conducted in the modskale only, it is still questionable if their results can

realistically represent the fedicale effect of biofouling on real marine propellers.

Farkas et al. (2020)ooducted fullscale CFD simulations of a sgdfopelled
containership with different types of biofilms on the hull and propeller to predict their
impact on the ship propulsion characteristics. They used the modifieduwetion
approach with roughnessriction models representing surface conditions of biofilms.
They quantified the increases in delivered power at the constant speeds as well as the
speed loss at the same power due to the biofilms on the hull and propeller surface.
However, they used the bpdorce propeller method (i.e. virtual disk method) rather
than modelling the rotating propeller. Therefore, a concern can be raised with regards

to the modelling the hull and propeller interaction.
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2.8.  Literature gap identification

Up until this point, a toad literature review has been made. During this literature

revi ew, the following research gaps wer
knowledge.
T Granvilleds similarity | aw scaling h

roughness effect on ship resiste and it is generally considered as a valid
approach. However, there exists no s
method against a ship model towing test. Therefore, an experimental validation

is still needed to demonstrate the suitability of Graevills met hod f or 3

1 Recently, there have been active efforts devoted to modelling the roughness
effects in CFD simulations. However, the validations were merely performed
against flat plates with zero pressure gradient. That is to say, these
demonstrations are only valid fdhe frictional resistance, and it cannot
guarantee the validity for other resistance components originating from the
curved hullsTherefore, the validity of the CFD approach for 3D hulls is still

to be demonstrated.

1 There have been relatively few stuglinvestigating the effect of biofouling on
full-scale ship resistance. These studies were mainly focussing on the effect of
hull fouling on ship resistance and effective power. However, the investigation
could be extended for better understanding. Fomeka, investigations into

the roughness effect on the form factor, nominal wake and the flow
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characteristics around the hull (e.g. pressure field, boundary layer thickness)

can be useful.

CFD simulations can be effectively used to predict the effectrapgbler
fouling, as it can predict the roughness effect on the pressure field around the
propeller. However, there is no CFD study investigating the effect of
biofouling on a fuliscale marine propeller. Therefore, the CFD method can be
extended to examinthe effect of biofouling on fukbcale marine propeller

performances.

No study has been devoted to investigating the effect of hull and/or propeller
fouling on the propulsion efficiency of a sglfopelled ship. Therefore, the
CFD method can be effecdly used to investigate the effect of hull and

propeller fouling on ship seffropulsion performance.

In the conventional studies, the hull surfaces have been treated as uniform
rough surfaces whil e ttdhheteroagenedusfaalyp i ps 6 |
accumulationTherefore, it is worthwhile to conduct an experimental study to
investigate the effect of heterogeneous distributions of hull roughness on ship

resistance.

To the best of t he aut hor 6s knowl ed
investigaing the roughness effect on ship resistance of different hull forms

with different scales and speeds. Therefore, it is worth performing CFD
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simulations of different ships to examine the different roughness effects on

different ships.

These research gapgaddressed throughout this PhD thesis.

2.9.  Chapter summary and conclusion

A comprehensive literature survey has been conducted and the research gaps have been

identified in this chapter.
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3.Methodology

3.1. Introduction

This chapter presents the general methodolsgd throughout this PhD thesis, while
each chapter presents the specific details of its own methodology.

3.2. Methodology

Figure 3.1 illustratethe methodology used in this PhD study. As shown in the figure,
the thesis consists of three distinct partse Thapters in Part | provide experimental
validations by means of tank testing to demonstrate the suitability of the methods for
the added resistance prediction due to
scaling method (Chapter 4) and the CFD metimvdlving modified walifunctions
(Chapter5). The chapters in Part Il present the-gdale applications of the CFD
approach to predict the effect of biofouling on the-fdale ship hydrodynamic
problems, including ship resistance (Chapter 6), prepgérformance (Chapter 7)

and ship selpropulsion performance (Chapter 8). Finally, extended investigations are
presented in Part Ill. Chapter 9 presents the investigations into the effect of
heterogeneous distributions of hull roughness on ship resgstarmile Chapter10 is
involved with the differences in the effect of hull fouling with the variations of hull

forms, ship lengths (scales) and speeds.
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Part I: Validation of the methodology
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Figure 31 Methodology followed in the thesis
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Chapter 4 presents an experimental investigation into the effect of hull roughness on
ship resistance and provides a validation of the similarity law scaling, by using tank
testing of a flat plate and a KRISO Container Ship (KCS) model. Both the plate and
model ship were tested in smooth and rough (ggaoh) surface conditions. The
roughness functions of the rough surface were derived by using the results of the flat
plate towing tests. Using the obtained roughness function, the frictional resistance was
extrapolated to the length of the model ship following the similarity law scaling
procedure. The total resistance of the rough ship model was then predicted using the
extrapolated frictional resistance and the result of the smooth ship model, and then
compared with the results from the rough ship model.

Validation of the CFD approach for modelling the roughness effect on ship resistance
is presented in Chapter 5. CFD models of the towed flat plate and the KCS model were
developed, and the results were canmgal with the towing test results obtained in
Chapter 4. To represent the effect of hull roughness, the roughness function of the
sandgrain surface, which was determined in Chapter 4, was employed in the wall
function of the CFD model (i.e. modified wdilinction approach). The result of the
CFD simulations was compared with the experimental result, to demonstrate the

validity of the roughness modelling in CFD on the total resistance of the 3D hull.

Full-scale applications of the CFD approach are presémt€tapter 63. In Chapter

6, the roughness function of barnacles (Demirel et al., 2017a) was employed in the
wall-function of the CFD model to represent the surface roughness of barnacle fouling
with varying barnacle sizes and coverage densities. Fatatiah of the modified
wall-function approach with the roughness function of barnacles, tfateglate
simulations were carried out and compared against the experimental data Demirel et
al. (2017a). The modifiedall function approach was then appliedftll-scale ship
hydrodynamic problems: towed KCS, KP505 propeller (i.e. the propeller of KCS) in
open water, and seffropelled KCS. From the fuicale KCS simulations in Chapter

6, the effect of barnacle fouling was examined on the ship resistancememtg form
factors and wake fractions as well as the flow characteristics around the hull. From the
full-scale KP505 propeller simulations in Chapter 7, the effect of barnacles on the

propeller open water performance was predicted with the advancewgffiranging
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from 0.2 to 0.8. In Chapter 8, the fgtale KCS selpropulsion simulations were
conducted in various configurations of the hull and/or propeller fouling. The effects of
barnacle fouling were investigated on the ship resistance, delipeveer and other
propulsion efficiencies.

Chapter 9 involves towing tests of a model ship of the Wigley hull with heterogeneous
hull roughness. The model ship was towed with different hull conditions such as
smooth, %bow-rough, Ysaft-rough, %bow-rough, Yaft-rough, and fulrough
conditions. The differences in the added resistance between the heterogeneous hull
roughness conditions were discussed. Alstgwa prediction method was proposed to
predict the added resistance due to the heterogeneous hullnessghased on
Granvillebs similarity |l aw scaling and

experimental result.

Chapter 10 presents the extension of the CFD approach for better understanding of the
fouling effect on ship resistance performance. Usingstitae CFD approach as in
Chapter 68, ship resistance simulations were conducted using two different hull forms,
KRISO Containership (KCS) and KRISO Tanker (KVLCC2). Each hull form was
modelled in three different scales (i.e. mesiehle, moderatscale ad full-scale) with

a range of Froude numbers. From the simulations, the effect of hull fouling on ship
hydrodynamic characteristics were investigated for the different ships, scales and

speeds were investigated.

3.3.  Chapter summary

The general methodologyet in the thesis has been presented in this chapter.
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4.Experimental and theoretical investigation

Into the roughness effect on ship resistance

4.1. Introduction

The boundary layer similarity law analysis, which was proposed by Granville (1958;
1978), can be &sl to extrapolate the roughness effect on skin friciitne merit of
using this method is thance the roughness functianyy , of the surface is known,

the full-scale roughness effect on an arbitrary length of the body with the same
roughness can h@edicted

Al t hough Granvill ebs similarity |l aw sca
assumptions and shovesgood agreement with fulicale ship trial results (Schultz,
2007),Gr anvi l |l eds similarity | aw analaysi s i
plate, uniform distribution ofoughness Reynolds numtardtheroughness function

(Demirel et al., 2017hb).

Great effort has been made to assess the roughness effect on skin friction, however,
there is little research applied to a ship model expetiatignKiosidou et al. (2017)
performed tank testing of a flat plate and a model ship, both in smooth and rough
conditions, where the rough surface was created by applying sandpapers. From the flat
plate test, they obtained the roughness function of tinelpsger surfaces, and
extrapol ated the frictional resi stance t
scaling procedure. They scaled the rough ship results to the same 180 m ship using the
resistance formula of Schlichting (2017). The results obthby the abovenentioned

two methods were compared against each other. The comparison suggested the two
results do not agree with each other well. However, they did not directly compare the
extrapolated result with the experimental results for the maxé rough ship, and

hence could not provide a reasonabl e val.i
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As reviewed in Chapter 2, Granvillebds sc
method to predict the roughness effect on ship resistanceg eavits merit that this

method can predict the roughness effect on the frictional resistance for ships of
arbitrary lengths and speeds. Also, the recent CFD studies show good agreement with
the results obtained by Gr,a047b). Cohsaldrisg e xt r
the computational cost for the CFD studies, as well as the fact that the simulations can
only be conducted for one ship |l ength at
a computationally economic and robust method.

As menioned earlier, however, this method can only predict the frictional resistance
of a flat plate of the given length. Recent studies claim that the other resistance
components for a shighape body, such as viscous pressure resistance and wave
making resistace, are also affected by the roughness effect (Demirel et al., 2017b).
Therefore, it is worthwhile to conduct an experiment using a ship model with a rough
sufaceand compare the results with those pr

to check thevalidity of this scaling method for predicting the roughness effect on ship

resistance.
To the best of the authordés knowl edge, t
ship resistance predicted foll owi rceg Gr a

measured directly from a rough model ship tank test. Therefore, the aim of this chapter
is to fill this gap by conducting towing tests using a flat plate and a model ship, both

in smooth and rough conditions.

This chapter is organised as follows: Thethodology used in this chapter is explained

in Section 4.2.1, while Section 4.2.2 discuss the details of the roughness function
determinati on met hod. The details of the
scaling is discussed in Section 4.2.4. Theautainties of the towing tests are estimated

in Section 4.2.5 based on the ITTC recommendations. Section 4.3.1 and 4.3.2 discuss

the results of the towing tests. Based on the roughness function of the rough surface
determined in Section 4.3.3, the fratal resistance of the rough model ship is

predicted using the similarity law scaling in Section 4.3.4. Section 4.3.5 compares the
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predicted total resistance of the rough model ship against the results of the towing test.
Finally, the chapter summary andnclusions are presented in Sectéoh

4.2. Methodology

4.2.1. Approach

Figure 4.1 schematically illustrates the methodology used in this chapter. The first step
is conducting four different towing tests using a flat plate and a model ship, both in
smooth andough surface conditions. In order to roughen the surfaces, the same sand
grit (aluminium oxide abrasivpowder) was applied to the surfaces of the plate and
the model ship. The second step is the determination of the roughness functions. The
roughness fuctions for the given surface roughness were calculated using the indirect
method for flat plates, presented by Granville (1987). The third step is extrapolating
the rough frictional resistancé (;) from the plate length (1.5 m) to the model ship
lengh (3.0 m), following the boundary layer similarity law scaling procedure,
presented by Granville (1958; 1978). The final step is predicting the total resistance of
the rough model shig(j) using the extrapolated flat plate frictional resistance and
the smooth ship results. The predicted rough ship resistance is then compared with the
measured rough ship resistande;(). Both2D methodand3D methodare adopted

in the prediction of the rough ship resistance, wher@Eheethodnly considers the
roughness effect on the frictional resistance while3tbanethodconsiders the effect

on the viscous pressure resistance as well.
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Smooth model ship

Rough model ship
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Granville’s similarity law scaling
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Cr» for 3m model ship

Prediction of Cy
for rough model ship

CT, Granviile

Comparison & validation

Figure 41 Schematic illustration of the methodology in Chapter 4

4.2.2. Experimental setup

4.2.2.1. Towing tank

The towing tests were conducted in the Kelvin Hydrodynamics Laboratory (KHL) of
the University of Strathclyde. The tank has a dimension of 76.0 m (L) x 4.6 m (W) x
2.5 m (D). The tank is equipped with a digitally controlled towing carriag&teof-

the-art absorbing wave maker, and a highly effective sloping beach. The carriage has
a velocity range of & m/s. Fresh water was used in the experiments, wherein the

water temperature was monitored during the tests. Figure 4.2 shows the towing

cariage in the KHL.
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Figure 42 The towing carriage of the Kelvin Hydrodynamics Laboratory

4.2.2.2. Flat plate towing test

The flat plate used in this study was manufactured from 304 stainless steel grade sheet
stock. Figure 4.3 illusates the experimental setup used for the flat plate towing test.
The plate has a thickness of 5 mm, and the leading edge of the plate was shaped to a
radius of 2.5 mm while the trailing edge was kept sharp, which is the same as the plate
used by Demirel atl. (2017a). The flatness of tp&ates, as well as their dimensions

were checked using a CNC (Computer Numerical Control) machine. After being
smoothened and polished, the plate was installed on a cbsittntest rig on the

towing carriage, and it wasrefully aligned with the centreline of the tank in order to

minimise side forces.

The flat plate was towed in smooth condition first, at the speed rangeiof Bn/s.

After finishing the smooth plate test, the same plate was coated with Clarke
Aluminium Oxide Abrasive Powder, grit, to create a rough surface. Then towing
tests in the rough condition were carried out at the same speed range4Higie@ys

the smooth flat plate and the same plate coated with the sand grit (aluminium oxide
abrasve powder). The details of the measurement of the surface roughness and the

choice of the representative roughness heightan be found in sectich3.3.
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Figure 43 Experimental setup for flat plate towing test

[ 1M CRE

L I b
(b) Flat plate in rough condition

Figure 4.4 Flat plate used in this study, (a) smooth condition, (b) rough condition
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4.2.2.3. Model ship towing test

In this study, a model of the KRISO Container Ship (KCS) was used for the model
ship towing tests. The principal particularstobé KCS are given in Table 4.1. The
model was built at a scale factor of 75 and towed without a rudder or appendages.
Figure 4.5 illustrates the experimental setup used for the towing tests. During the test,
the model was free to trim and sink. Two Lin&&riable Differential Transducers
(LVDT) were used to measure the sinkage at the midship point and the stern, then
using the sinkage values at the two points, the trim angle was calculated using
trigonometry. A load cell was attached at the tow point tasuee the total resistance

of the model ship.

As with the flat plate towing test, the model ship was first towed in smooth condition
(at the speed range of 10464 m/s). After the smooth towing test, the model ship was
coated with the same sand grit falnium oxide abrasive powder) as applied to the

flat plate. Then the rough model ship was towed at the same speed range. Figure 4.6
shows the smooth model ship and the same model ship in the rough condition.

Table 41 Principal particulars of the KCS in fulscale adapted from Kim et al. (2001) and
Larsson et al. (2013).

Parameters Full-scale  Model-scale
Scale factor _ 1 75
Length between the perpendiculars 0 (m) 230 3.0667
Length of waterline 0 (m) 232.5 3.1
Beam at waterline 6 (m) 32.2 0.4293
Depth ‘0 (m) 19.0 0.2533
Design draft “Y(m) 10.8 0.144
Wetted surface area w/o rudder “Y(m?) 9424 1.6753
Displacement n(md) 52030 693.733
Block coefficient o} 0.6505 0.6505
Design speed @ (knot, m/s) 24 1.426
Froude number O 0.26 0.6505
Centre of gravity 0 "@m) 7.28 0.0971
Metacentric height "00 (m) 0.6 0.008
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Figure 45 Experimental set up for model ship towing test

(b) KCS model in rough condition

Figure 46 KCS model used in this study (a) smooth condition, (b) rough condition

4.2.3.Roughnesdunction determination

The roughness function for the given surface roughness was obtained using the results
from the flat plate tests. To separdte frictional resistance coefficient,, of the

towed plates from the total resistance coefficiént,the following assumptions were
made: i) The total resistance values of the flat plates consist of the frictional resistance,
0 , and the residuary resistanamefficient,0 ; ii) the frictional resistance of the

smooth plated , follows theKarman-Schoenherr frictiofine (Schoenherr, 1932), as
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ﬂ&_r Sy T (4.1)
(e}

where,Y Qis the Reynolds number based on the length of the plate; iii) the residuary
resistance values, , are functions of the Froude numb&, and the roughness effect

ond is negligible.

Using the above assumptions, the frictional resistance for the rough flatghabe
determined as

Op O Oj (4.2)
Ofp Op (4.3)
O O O¢p (4.4)
wher e, the sécoadd siumdicc atpe tHhe smooth

conditions, respectively. It is of note that this calculation is only valid fab thealues

obtained at the same Froude numi@rand hene the same towing speed in this study.

Using the obtained frictional resistance values for the rough platethe roughness

functions,3"Y , and the corresponding roughness Reynolds nunfer, were
calculated following the indirecbughness determination procedure for towed plates,
also known as theverall methodwhich was proposed by Granville (1958; 1987). In

this method, th& and3"Y values can be determined as follows.

- q q 0rp Ofp P . Of
Ofr Onp q q I q

(4.5)

) (4.6)
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where,ll is thevon Karman constant=0.41)and3"Y is the slope of the roughness

function as a function df 1Q , andQis the representative roughness height.

4.2.4. Gr a n v ibouhdary layer similarity law scaling

In order to scale the frictional resistance coefficient of the 1.5 m rough plate to the 3
m model ship, the similarity law scaling procedure of Granville (1958; 1978) was used

with thed ;,37Y , and’Q values obtained from the flat plate towing tests.

Figure 4.7 schematically illustrates the scaling procedure used in this study following
Granvillebs similarity | aw analysis. Th
coefficient lined , agansti 1™YQ. In this study, the&arman-Schoenherr friction

line was used (Equation 4.1). The second step is shifting the smooth friction line by

Y I7l Tp min thel T°'YQ direction, in order to represent the rough friction

coefficient,0 . The third step is plotting the line of the constant value

satisfying the following equation.

0 4.7
YQ — — (47
o p O
¢ P T
where0) is a nordimensional length of the plate defined by
0 Y
5 , (4.8)
The fourth step is shifting the line of constant byl T {C 70 in the
I T'YQ direction. This line is termed ab . The final step is finding the
intersection of th® f line and the) line. Thed ; and'YQ values at the
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intersection represent thérictional resistance of the KCS model, and the
corresponding Reynolds numbeespectively.

0.009
R i T0 CF_Smooth
0.008 ~< R ‘z% - = — = CF_Rough
0.007 ~ e L+_plate
Y IR Tp o~ U R T poesw L+ model ship
0.006 ~Jd
. CF_rough 1.5m plate
0.005 CF_rough 3m model sf]ip
J
0.004
0.003
0.002 N,
0.001
0
5 55 6 6.5 7 7.5 8
logRe)
Figure47Schemati c of Granvilleds similarity | aw

4.2.5. Uncertainty analysis

Uncertainty analysis was conducted to estimate the uncertainties of the measurements
in the tests, following the ITT recommended procedures (ITTC, 2014). The precision
limits were determined through repeatability test at the lowest and highest towing
speeds, while the bias limits were calculated considering the uncertainties associated

with calibration, data acquisitip data reduction and conceptual bias.

Table 4.2 shows the absolute and relative overall uncertainties of the measurements at
the lowest speed and the highest speed. As shown in the table, the overall 95%
confidence limits for the frictional resistanaa the rough platd) , were £2.2%

and #.9%at the lowest and highest speeds, respectively. And the overall uncertainties

for the roughness functions,Y , were £.5%and #.5% at the lowest and highest
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speeds, respectively, while the uncertainties for the total resistance of the rough model

ship, 0 , were 2.1%and #.7% respectively.

Table 42 Overall uncertainties of the measurements with 95% confidence level, ivede
, are trim and sinkage, respectively

Lowest speed Highest speed
Overall
Parameter  Uncertainty % Overall Uncertainty %
Flat plate 0n +9.07E05 +2.1% +3.21E05 +0.9%
0 +6.92E06 +0.2% +6.24E07 +0.02%
0 i +9.10E05 +1.4% +4.36E05 +0.7%
0 +1.29E04 +2.2% +5.41E05 +0.9%
wY +2.76E01 +5.5% +3.72E02 +0.5%
Model ship 0 j +6.09E05 +1.4% +4.95E05 +1.0%
t O +1.09E01 +10.8% +2.00E01 +8.9%
» (mm) +2.65E01 +8.0% +4.25E01 +4.4%
0 & +1.20E04 +2.1% +1.16E04 +1.7%
t 0 +1.02E01 +11.3% +1.84E01 +10.5%
, (mm) +2.39E01 +7.8% +4.28E01 +5.3%
4.3. Results

4.3.1. Flat plate towing test

Figure 4.8 compares the total resistance coefficients and the frictional resistance
coefficients for the smooth and rough plates obtained from the towing tests. As
mentioned earlier (Equatiohl- 4.4), the difference between the smodthobtained
from the towirg test and the theoretioal was defined as the residuary resistaidce,
Then the frictional resistance for the rough plate was determined as the difference

between the total resistance and the residuary resistance at the same speed (

O0rp 0).
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As shown in Figurd.8, the frictional resistance of the rough plate first increases with
increasing Reynolds number and tends to converge aifdéQnd o® p 1(i.e.0 j
IS independent o¥Q), suggesting the fully rough regime is reachegbbe this point,

whereas the values below remain in the transitionally rough regime (Flack and Schultz,
2014).

The increases i of the flat plates due to the roughness effect were observed to be
50% and 94% at the lowest and the highest speedsctieshe
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Figure 4806 and0O values of the flat plate in smooth and rough conditions

4.3.2.Model ship towing test

Figure4.9 shows the total resistance coefficient valdes,obtained from the towed
model ship in thesmooth and rough conditions. As can be seen, both the smooth and

rough® show similar overall trends, while the magnitude of the roaighs
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significantly higher than that of the smodath. The increases id values due to the
roughness effect we observed to be 30 % and 32% at the lowest and highest speeds,

respectively.

Figure4.10 compares the trinf, of the smooth and rough model ships, as well as the
sinkage,, , measured at the midship point ( ) and the stern of the modeligh
(» ). As observed in this figure, the roughness effect or tred, values are
minor, but the effects increase with increasing speeds. The midship sinkage,values,
for the rough hull were observed to be smaller than those of smoadthvhié the
roughness effect on the stern sinkage was negligible. As a result, the trim &ngles,

show decreases due to the roughness effect.

This effect of the surface roughness on the trim and sinkage is thought to be related to
the pressure distribigin, that is, the surface roughness altered the pressure distribution

along the hull compared with the smooth case.
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Figure 490 values of the model ship in smooth and rough conditions
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4.3.3. Roughness function determination

As explained in section 4.2.3, the results obtained from the flat plate towing tests were
used to calculate the roughness function following theaatimethod for towed plates
(overall methodl presented by Granville (1987). The surface roughness of the flat
plate was measured usingT®QC Sheen B.M© Hull Roughness Gauge, which
measures the maximum peak to trough roughness height over a 50 mai iitéry

(TQC, 2019). The averagé o value of the plate was measured to be 353 um.

Figure 4.11 compares the Colebrook type roughness function of Grigson (1992), the
analytical fit of Cebeci and Bradshaw (1977) based on the sand grain roughness
functions of Nikuradse (1933), and the roughness functions from the current study,

based on the different choices of the representative roughness h@ghts,
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As shown in the figure, when the representative roughness height is chd@en as
Yo , the roughness functions lie between Coleb#iyple and Nikuradsgype
roughness functions. WheRis set top& &0 , the roughness function shows
excellent agreenm with the Nikuradse roughness function. One the other hand, when
'Q ™Yo is used, the roughness function showed deviations with the Colebrook
type roughnesfunction at lowQ regions. This can be mostly attributed to the fact
that the current rodgsurfaces showed behaviours of the transitionally rough regime
(Figure 8), resulting in inflectional behaviour in the roughness function. Therefore, a
better agreement was achieved with the inflectional Nikurggse roughness
function than the monotoniColebrook type roughness function. For comparison, the
results were also plotted usiffy T& Y0 , which was suggested by Schultz and

Flack (2003), for sandpaper roughness.

It is worthwhile to mention that in the current study the choice of the repiatise
roughness heightQ) does not affect the roughness function vala€g,, but only
changes the roughness Reynolds numbé® . Therefore, the choice of the

representative roughness height does not affect any results of this study.

18
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L2 I Colebrook (Grigson, 1992)
10 Nikuradse (Cebeci and Bradshaw, 197
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Figure 411 Roughness functions, based on the different choices of the representative
roughness height
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4.3.4. Extrapolation of the frictional resistance

As explained in section 4.2.4, the frictional resistance of the 1.5 m roughlate,

was extrapolated to the length of the model ship (3.0 m) using the boundary layer
similarity law analysis, proposed by Granville (1958; 1978). &kiapolated

values for the 3.0 m flat plate was assumed to be equal to that of the model ship in the
rough condition. In the extrapolation procedure the Nikuradse type roughness function
model of Cebeci and Bradshaw (1977) was used (with the (e @f§ /0 ), rather

than using the discret€Y values, to ensure that the extrapolated speed rangescove
the towing speeds of the model ship. Fighie? conpares the frictional resistance for

the rough flat plate obtained from the towing test and the extrapdatedlues for

the model ship.

Shown for comparison in Figure 4.13 is the extrapolatéctidnal resistance,

0 rp for the model ship, smooth frictional resistantsg,, obtained from the
KarmanSchoenherr frictiodine, and the total resistance coefficierits; ando j
measured from the towing tests. It is mdte that the increases in the frictional
resistance for the model ship were 33% and 46% at the lowest and highest towing

speeds of the model ship, respectively.
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4.3.5. Prediction of the total resistance and comparison with

the experimental data

Using the extrapolated frictional resistance values for the rough model ship
(6 &r ), the total resistance coefficient in the rough conditibp,, was
predicted and compared with the experimental results obtained from the model ship
towing test in the rough condition. Two different methods were used for the prediction,
namely the2D methodand the3D method

In the2D method i . e. Froudeds method, which con
frictional resistance only, the ship total resistance was considered to consist of the sum

of the frictional resistance and the residuary resc#@®® O O ). The residuary

resistance is assumed to be independent of the surface roughness. Then the total

resistance for the rough model shop;; , is determined by

O0p Op Or (4.7)
Ofr O (4.8)
Own O hn 0 i (4.9)

Equation 4.9 can be written alternatively as
O  Op o (4.10)

where, w0 is the added resistance due to the surface roughfess

0 wn 0R).

In the 3D method i.e. Hughes method,which considers the roughness effect on the
frictional resistance and the viscous pressure resistance, the ship total resistance was
considered to consist of the frictional resistance, the viscous pressure resistance and

the wave makig resistanced 6 O 0 ,ord p Q6 6 ), where
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p Qis the form factor. The wave making resistance and the form factor were
assumed to be independent of the surface roughness. Then the total resistance for the

rough model shig)  ,is determined by

6r 65 p Q6 (4.11)
0r O p (4.12)
0 ik p QO i 0 j (4.13)

Equation 13 can be written alternatively as

6r p Q306 (4.14)

o
¢
¢

For the calculation, the experimental form factor value of KCS'Q p&, was used
(Van et al., 2011).

Figure 4.14 compares the total resistance coefficients for the rough model ship,
predicted fron2D methodand3D methodand the experimental ; values measured

from the towing test. As shown in the figure, a good agreement was achieved between

the experimentab j values and the predictéd;, values. This suggests that the use

of Granvilleds simil ar it ydidtianwoftherowghnessa g met

effect on ship resistance.

It can be seen from the figure that, the results predicted 8Bingethodshow better
agreement with the experimental data compared to thae aiethod Therefore, it

can be deduced that the surfacegimness not only increases the frictional resistance

but also increases the viscous pressure resistance. This effect on the viscous pressure
resistance has been also observed from several CFD studies (e.g. Demirel et al. (2017b))

but has not been provenpetimentally.
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Figure 414 6 , values predicted from the two different methods, and those measured from
the model ship towing test

4.4.  Chapter summary and conclusions

Towing tests involving a flat plate and a model ship weneducted in smooth and

rough conditions for the investigation of the effect of roughness on ship resistance, as
well as to validate the use of Granvill edc
surfaces of the plate and model ship, sand grib{liwm oxide abrasive powder) was

applied.

The plate and the model ship were towed in smooth and rough conditions at a range of
speeds. Significant increases in the frictional resistance of the towed plate (up to 94%)
and thetotal resistance of the mod#&Hip (up to 32%), were observed due to the rough

surfaces, while changes in the trim and sinkage of the model ship were also identified.

The results of the towing tests were used to calculate the roughness function for the

rough surface. Using the flatgté towing test results as well as the roughness function,
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the frictional resistance for the rough plate was extrapolated to the length of the model

ship using Granvillebds similarity | aw sc:

Utilising the extrapolated result, the total resist of the model ship in the rough
condition was predicted. For the prediction, two different methods were BBed (
methodand 3D methogl The predicted total resistance coefficients from both the
methods showed good agreement with the results dbiieg tests, suggesting that

the use of Granvillebs similarity | aw sc
effect on ship resistance. The results also imply that the roughness effect on the viscous
pressure resistance should be also considerdukfter prediction.

This study not only presents the investigations of the roughness effect on ship
resistance, but also provides the first
similarity law scaling procedure for shghape bodies.
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5.Validation of the CFD method for predicting

the roughness effect

5.1. Introduction

As reviewed in Chapter 2, recently, the use of Computational Fluid Dynamics (CFD)
is considered as an effective alternative to predict the roughness effect on ship
resistance (Atlarteal., 2018). The merit of using CFD is thhetdistribution of the

local friction velocity,0 , is dynamically computed for each discretised cell, and
therefore the dynamically varying roughness Reynolds numbé&®, , and
corresponding roughness furmtiw Y , can beconsidered in the computation. The

3D effects can also be taken into account, and the simulations are free from the scale

effects if they are modelled in fudicale.

Correspondingly, there have been an increasing number of studiegitii&iD
modelling to predict the effect of surface roughness on ship resistance (Demirel et al.,
2014; Demirel et al., 2017b; Farkas et al., 2018). These recent studies suggest that the
hull roughness does not only increase the ship frictional resistahaésbuaffects the

viscous pressure resistance and the wave making resistance.

Although several studies validated their CFD approaches by comparing the simulation
results with the experimental data, the validations were merely performed against the
towing tests of flat plates, which have no pressure gradients. That is to say, these
validations are only valid for the frictional resistance, and thus it cannot guarantee the
validity of it for other resistance components originating from the 3D shape ofiphe sh
hulls. Therefore, the validity of the CFD approach for 3D hulls still remains to be

demonstrated.

To the best of the authorodés knowl edge,

modelling of hull roughness against ship model test. Thereforeinthef ¢his chapter
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is to fill this gap by developing a CFD model to predict the effect of the hull roughness
and performing a validation study by comparing with the experimental data of a model

ship with a rough surface.

This chapter is organised as folle: The methodology used in this chapter is explained

in Section 5.2.1, while Section 5.2.2 covers the mathematical formulations of the CFD
model. Section 5.2.3 explains the modified waliction approach. In Section 5.2.4, a

new roughness function modslproposed to represent the roughness function of the
sandgrain roughness determined in Chapter 4. The details of the geometry and
boundary conditions of the CFD simulations are discussed in Section 5.2.5. The mesh
generation is presented in Section 6.2n Section 5.2.7, the numerical uncertainties

of the simulations are estimated based on the GCI method. Section 5.3.1 includes the
validation study of the CFD simulations by comparing the results against the
experimental results obtained in ChaptermSkction 5.3.2, the investigation of the
roughness effect is expanded by decomposing the resistance components, and Section
5.3.3 investigates the roughness effect on the flow characteristics. Finally, the chapter

summary and conclusions are presenteSaation 5.4.

5.2. Methodology

5.2.1.Approach

A schematic illustration of the current study is shown in Figurd®this study, CFD
models were developed to simulate the towing tests of the flat plate and KCS model
ship conducted in Chapter 4 (Figure 4.31.6). In order to represent the surface
roughness of the sasgtain surface, a roughness function model was queg and
employed in the walfunction of the CFD model. The simulation results of the flat
plate and model ship in the smooth and rough surface conditions were then compared
with the experimental data to demonstrate the validity of the CFD approach for

predicting the effect of hull roughness on the ship resistance.
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Figure 51 Schematic illustration of the methodology in Chapter 5

5.2.2. Mathematical formulations

The CFD models were developed based on the unsteady RegreldgiedNavier
Stokes (URANS) method using a commercial CFD software package, -SUANR-
(version 12.06).

The averaged continuity and momentum equations for incompressible flows may be
given in tensor notation and Cartesian coordinates as in the following tvaticetsu
(Ferziger and Peric, 2002)

1o (5.1)

1761

DU Y Sy (5.2
To 16 ‘

06 00 — -
Tw

—n

where ” isthedensity,0 is the averaged velocity vectdm 6 is the Reynolds stress,
Nlis the averaged pressufg, is the mean viscous stress tensor components. This

viscous stress for a Newtonian fluid can be expressed as

80



16 16 59

where * is the dynamic viscosityUsing theBoussinesq hypothesithe Reynolds

stress can be written as

1910 o, . 18 54

where, is the turbulent eddy viscositiis turbulent kinetic energyand s the

Kronecker delta.

In the CFD solver, the computational domains were discretised and solved using a
finite volume method. The secowdder upwind convection scheme and a finster
temporal discretisation were used for the momentum eansatiche overall solution
procedure was based on a Sémplicit Method for Pressurkinked Equations
(SIMPLE) type algorithm.

The shear stress transport (S&X) turbulence mode{Menter, 1994)was used to
predict the effects of turbulence, which comds the advantages of fli® and the
"Qrturbulence model. This model use¥¥ formulation in the inner parts of the
boundary layer and"®r formulationin thefree-stream for a more accurate near wall
treatment with less sensitivity of inlet turbulence properties, widatls toa better
prediction in adverse pressure gradients and separating flow. A seamsrd

convection scheme was used for the equationseafurbulent model.

For the free surfaceghe Volume of Fluid (VOF) method was used with High
Resolution Interface Capturing (HRIC).
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5.2.3. Modified wall-function approach

As reviewed in Chapter Zhe generalised velocity profile in the kv region fora
rough surface is then given as

Y %i ldC 6 wY (-9

The roughness functiony’Y can be expressed as a function of the roughness
Reynolds numberQ) , defined as

. K0)% _

Q- (5.6
where,Qis the roughness height. It is of note t&Y simply vanishes in the case of
a smooth conditionOnce the roughness functiomY "QQ , of the given
roughness surface is knowihcan be employed in the w4linction in the CFD model
as in Equation 5.5. Then the surface boundary condition can represent the roughness

effect on the velocity profile in the turbulent boundary layer.

5.2.4. Roughness function model

For the representatioof the sandjrain rough surface of the flat plate and KCS model
(Figure 4.4 and 4.6), the roughness function determined in Chapter 4 was used in the
CFD model (Figure 4.11). In order to employ the roughness function in the wall

function of the CFD modeh roughness function model was proposed as,
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in which, Il is the vonKarman constantl( m& 4. It is of note that this roughness
function model is based on the use of the maximum peak to trough roughness height
over a 50 mm intervaly 0 , as the reference roughness heid@dt (Yo o v Al)

that was measured in Section 4.3.3 (Figure 4.11).

As shown in Figure 5.2, an excellent agreement was achieved between the proposed
roughness function model and the experimental roughness function determined in
Section 4.3.3.

12

© U+ (k=Rt50)

10 r —— Roughness function model (Equation 5.5)

1 10 100
k*

Figure 52 Experimental roughness function of the sagndin surface and the proposed
roughness function model
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5.2.5.Geometry and boundary conditions

5.2.5.1. Flat plate simulation

Figure 5.3 shows the dimensions and the boundary conditions used for the flat plate
simulations. The size of the computational domain was seléctrepresent the towing

test in Chapter 4. For the two opposite faces atthelirection, a velocity inlet
boundary condition was applied for the inlet fste2am boundary condition, and a
pressure outlet was chosen for the outlet boundary conditbtha distances of these
boundaries from the plate were chosen as used by Demirel et al (2014). The bottom
and the side walls of the tank were selected asnslifs and to represent the towing

tank in the Kelvin Hydrodynamics Laboratory, where the tow@sts were conducted.

In order to save the computational time, a symmetry boundary condition was applied
on the vertical centre plané( 1), so that only a half of the plate and the control
volume were taken into account.

E X
(a) A >

)
0.22m

1«

0.58m

1.49m

(b) Slip wall

5L

) X

L1
]

25m

Slip wall

Slip wall

()

25m
Pressure outlet

Velocityinlet

Symmetry plane

Figure 53 Thedimensionsnd boundary conditions for the flat plate simulation model, (a)
the flat plate, (b) profile view, (c) top view
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2.1.1.1. KCS model shipsimulation

Table 5.1 shows the principal particulars of the KCS. The CFD simulation of the KCS
model was modelled, using the scale factor of 75 as used for the model ship in Chapter
4. As shown in Figure 5.4, two different computational domain types were used,
namelydoublebody and freesurface simulations, for the purpose of decomposing the
resistance components. In the dodbdely simulation, the free surface is replaced by

the symmetry boundary condition such that there is no awalang behaviour and
hence therexist only the viscous resistance (. Y Y Y ). On the other

hand, the fresurface simulations have the free surface and hence consider the wave
making behaviours such that the wave making resistance is included in the total ship
resistane (i.,e.Y Y Y Y.

The boundary conditions used for the fseeface and doubleody simulations are
shown in Figure 5.4. It is of note that the model ship was free to sink and trim in the

simulations.

Table 51 Principal particulars of the KCS in fulicale and modedcale, adapted from Kim
et al (2001) and Larsson et al. (2013)

Parameters Full-scale Model-scale
Scale factor _ 1 75
Length between the perpendiculars 0 (m) 230 3.0667
Length ofwaterline 0 (m) 232.5 3.1
Beam at waterline 6 (m) 32.2 0.4293
Depth 'O (m) 19.0 0.2533
Design draft “Y(m) 10.8 0.144
Wetted surface area/avrudder "Y(m?) 9424 1.6753
Displacement n(md) 52030 693.733
Block coefficient 0 0.6505 0.6505
Design speed @ (knot, m/9 24 1.426
Froude number O 0.26 0.6505
Centre of gravity 0 "@m) 7.28 0.0971
Metacentric height "00 (m) 0.6 0.008
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(a) Double-body simulation (b) Free-surface simulation

Figure 54 Computationadomainand boundary conditions of the KCS model ship
simulation, (a) doubkbody simulation, (b) fresurface simulation

5.2.6. Mesh generation

Mesh generation was performed using the boilutomated meshing tool of STAR
CCM+. Trimmed hexahedral meshes were udestal refinements were made for
finer grids in the critical regions, such as the regions near the free surface, leading and
trailing edges of the flat plate and the bulbous lebwhe KCS hull. The prism layer
meshes were generated for neall refinement. The first layer cell thicknesses on the
surfaces of the plate and the model ship were chosen such ttiatthkies are always
higher than 30, and also higher than the roegs Reynolds number valu&3, as
suggested by Demirel et al. (2017b). Fig. 5.5 and Fig. 5.6 show the volume meshes of

the flat plate and KCS model ship simulations.

86



(a) Side view
f

[ [ 3 0
HR T T I |

00000000000 000 001
O O
o
=
o

+
EH
5
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Figure 55 Volumemesh of the flat plate simulation

(a) Top view

(b) Rear and front view (c) Side view

Figure 56 Volume mesh of the KCS model ship simulation

5.2.7. Uncertainty analysis

Convergence studies were carried out to assess the spatial and temporal uncertainties
of the simulations. The Grid Convergence Index (GCI) method lmased Ri c har ds or

extrapolation (Richardson, 1910) was used to estimate the numerical uncertainties.
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is of note that, although the GCI method Miest proposed for spatial convergence
studies, it can also be used for a temporal convergence study,ilaslsiosed by
Tezdogan et al. (2015) and Terziev et al. (2018).

According to Celik et al(2008)the apparent order of the methqd, is determined
by

. S . 5.8
io—d i A s 9
. N i (5.9
ot
. Q(ée— (5.10
where,i andi are refinement factors given hy 0 70 for a spatial

convergence study of a 3D modeljor 0 70 for atemporal convergence study.
0 andw dre the cell number and time step, respectively. %o %o, - %0

%o hand%. denotes the key variables, ice. and¢ in this study.

The extrapolated value is calculated by

i % %o (5.1

%o :
P

The approximate relative errd®, , and extrapolated relative err@®, hare then

obtained by

%0 %o (5 13
%o

%0 %0 (5 13
%0

Q

Q

Finally, the finegrid convergence index is found by

pg @ (5.14

"060 -
l p
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2.1.1.2. Spatial convergence study

For the spatial convergence study, three different sets of mesh configurations were
generated based on different resolutions, which are referred to as fine, medium and
coarse meshes corresponding the cell numbefs,df , and( . Table 5.2 depicts the
required parameters for the calculation of the spatial discretisation error. The
simulations were conducted in the smooth surface condition, with the inlet speeds of
45m/sYQ uv® pmandl.426m/sQe 18 Y Q o0& p ), forthe flat
plateand the KCS model (fregurface) simulations respectively. The total resistance

coefficients,0 , were used as the key variables.

As indicated in the table, the numerical uncertainties of the fine meghi3 () for

the flat plate and KCS hudimulations are 0.79% and 0.10% respectively. For accurate

predictions, the fine meshes were used for further simulations in this study.

Table 52 Parameters used for the discretisation error for the spatial convergence study, key
variable: 0

Flat plate simulation KCS model simulation
V] 451,271 601,355
0 913,737 887,428
0 2,258,814 1,306,433
1 1.57 1.21
1 1.42 1.21
%o 3.710E03 4.471E03
%o 3.753E03 4.461E03
%o 3.836E03 4.494E03
- 8.34E05 3.23E05
- 4.30E05 -9.08E06
i 1 -1
Q 1.16% 0.20%
N 3.82E01 -6.14E03
N 2.31E+00 6.53E+00
%o 3.686E03 4.474E03
Q 0.63% -0.08%
060 0.79% 0.10%
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2.1.1.3. Temporal convergence study

For the temporal convergence study, three different time stapslywo , o0 , and

w0 , were used for the simulations using the fine meshes. Table 5.3 shows tredrequ
parameters for the calculation of the temporal discretisation error. The simulations
were conducted in the smooth surface condition, with the inlet speeds of 4.5 m/s
(YQ v® pmand1.426 m/sQe ™R eYQ o& p m), for the flat plate

and KCS model (freesurface) simulations respectively. The total resistance

coefficients,0 , were used as the key variables.

As indicated in the table, the numerical uncertainti®s® ) of the flat plate and the
KCS hull simulations are 0.57% afd27% respectivelywhen the smallest time steps
are useddo ). For accurate predictions, the smallest time steps (vere used for
further simulations in this study. For all the simulations, 10 inner iterations were used

at each time step.

Table 53 Parameters used for the discretisation error for the temporal convergence study,
key variable:0

Flat plate simulation KCS model simulation
86 0.02s 0.01s
wd 0.04s 0.02s
WO 0.08s 0.04s
i h 2 2
%o 3.710E03 4.471E03
%o 3.709E03 4.528E03
%o 3.708E03 4.539E03
- -7.00E07 1.09E05
- -7.30E07 5.78E05
Q 0.02% 1.29%
n 6.05E02 2.41E+00
%o 3.727E03 4.457E03
Q -0.46% 0.30%
080 0.57% 0.37%
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5.3. Results

5.3.1. Validation against experiment

5.3.1.1. Flat plate simulation

Figure 5.7 compares the total resistance coeffic@ént,values in the smooth and
rough surface conditions predicted from the current CFD simulations and the result of
the flat plate awing tests in Chapter 4. The CFD simulations were conducted at the
speed range @f® t& i FOwith 1.0 m/s interval, with the corresponding Reynolds
numbersofY Q p& v® p T

As shown in the figure, th@ values of the smooth flat plate preditfeom the CFD
simulations show an excellent agreement with the experimental data. Similarly, a good
agreement was achieved between the CFD and EFD results tor dfi¢he rough flat

plate apart from the underediction of theé value at the lowesspeed (1.5 7Q

Y'Q p& p m. Considering the uncertainty of the experimeatalalues and the
roughness function (Figure 5.2) as well as the numerical uncertainty of the simulation,

this slight undeiprediction is believed to be acceptable.

This agreement suggests the validity of the use of the current CFD approach (modified
wall-function approach) to predict the increased skin friction due to the surface

roughness, as similarly shown by Demirel et al. (2017b).
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Figure 57 Total resistance coefficiert, , of the towed flat plate in the smooth andgh
surface conditions, predicted from the current CFD simulations and the results of the
towing test in Chapter 4

2.1.1.4. KCS model simulation (freesurface)

Although the use of the modified wdiinction approach is validated against the flat
plate towing tets, this does not necessarily guarantee the validity of using this method
to predict the roughness effect on the ship resistance of a 3D hull. Therefore,this sub
section presents the comparison between the CFD approach and the experimental
result of thetowing test of the KCS model ship in the smooth and rough surface

conditions in Chapter 4.

Figure 5.8 shows a comparison of thevalues of the KCS model ship predicted from
the current CFD simulations and the experimental results. The CFD simulagoss w
conducted at the speed range8f X p® 1 FQ which correspond to the fedcale
speed rang® U ¢ (&1 T Wit 2 knots interval. The corresponding Reynolds
numbers ar&Y’'Q c& 1@ p 1 while the Froude numbers af@e 1@ wuU
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& Y.dn both the smab and rough surface conditions, thevalues predicted from

the CFD simulations agrees well with the experimentalvalues. Therefore, it

suggests that the modified wAilinction approach can accurately predict the effect of

hull roughness on thettd ship resistance, which includes the 3D effects. To the best

of t he aut hor 6s

roughness against ship model test.

knowl edge
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Figure 58 Total resistance coefficient, , of the KCS model ship in the smooth and rough
surface conditions, predicted from the current CFD simulations and the results of the

towing test in Chapter 4
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5.3.2. Effect of hull roughness on the ship resistance

components

In the previous subection, tle validity of the modified walfunction approach was
demonstrated for predicting the effect of hull roughness on the ship total resistance.
Therefore, it is worth utilising the benefits of using CFD for better understanding the
roughness effect on the indlual ship resistance components. Decompositions of the
ship total resistance into the different resistance components are presented in this

section.

Before investigating the effect of hull roughness on the resistance components, it

would be timely to rstate these components in detail. The resistance coefficients can
be obtained by dividing the dray, with thedynamic pressure,” @ , and the wetted

surface area of the ship hul, as

Y (5.19

The total ship resistance coefficiedt,, can be decomposed into the two main
components; the frictional resistance coefficiént, and the residuary resistance

coefficient,0 , given by

6 o6 O (5.19

The residuary resistancedan be further divided into thescous pressure resistance

coefficient & , andthewave making resistana®efficient & , given by

5 6 & (5.17)

5 6 & 6 (5.18)
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The viscous pressure or also known as form drag is broasllynasl to be proportional

to the frictional resistance (Lewis, 1988), with the use of form fa€ars given

0 ‘@ (5.19

5 p Q8 & (5.20

The sum of frictional resistance and the viscous pressure resistance is also referred to

as viscous resistanoe, , as

5 8 8 p Qb (5.21)

2.1.1.5. Frictional resistance and residuary resistance

The total resistance coefficients, , were dividedinto the frictional resistance
coefficient,0 , and the residuary resistance coefficiént, by simply decomposing
the total drag acting on the ship into the shear and pressure force components from the

free-surface simulations.

TheO6 andd vaues of the KCS model in the smooth and the rough conditions are
shown in Figure 5.9. The values for the rough KCS model remain rather consistent
with the Reynolds numbers, while the smodthvalues show a decreasing trend. This
can be explained bthe fact thad tends to lose its dependency to the Reynolds
number when it approaches the fully rough regimiiyradse 1933) as similarly
observed by other studies (e.g. Demirel et al., 2017b)

On the other hand, the rough case shows l@rgealues than the smooth case, but
the differences become smaller as the Reynolds number increases (which can be more
clearly seen in Figure 5.10). To fine the rationale behind this observation, further

investigation was carried out by decomposing&¢héto thed ando .

95



0.006

5] 5] 5] o a
0.005
0.004 -
o o ] o
&
'(% 0.003 O CF smooth
J .
& — CFrough Design speed
0.002 A CR smooth Fn=0.26
- & = CR rough l A
- -
0.001 o
————— -A
Fo---- g-=--- :
0
2.6E+6 28E+6 3.0E+6 3.2E+6 3.4E+6 3.6E+6 3.8E+6 4.0E+6 4.2E+6
Re

Figure 590 and( values of the KCS model in the smooth and rough surface conditions

2.1.1.6. Viscous pressure and wave making resistance

In order to decompose tlie into thed andd , theform factor values were used
with Equation 5.17. The form factor values were calculated from the dbodie

simulations as

. 05
Q2 i 0 (5.22
(O

whered ; and0 ; denote the viscous resistance and frictional resistance obtained
from the doublébody flow simulations. Table 5.4 shows the form factor values for the

smooth and rough KCS models for the given speeds. The form factor values showed

decreases due to the hidughness.
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Table 546 ,6 and™Qualues obtained from the doukdedy simulations

Smooth Rough
Speed (m/s) 0 0 0 0y 0 0
1.0692 4.049E03 3.721E03 8.813E02 5.539E03 5.102E03 8.578E02
1.1880 3.967E03 3.646E03 8.802E02 5.525E03 5.087E03 8.618E02
1.3068 3.899E03 3.583E03 8.792E02 5.477E03 5.041E03 8.652E02
1.4255 3.839E03 3.529E03 8.783E02 5.513E03 5.077E03 8.597E02
1.5443 3.787E03 3.482E03 8.776E02 5.5632E03 5.095E03 8.582E02

Using the form factor value)6 and® were calculated as

5 Q8 (5.23

0 6 O (5.29

Figure 5.10 compares tile, 0 andod values of the KCS model in the smooth and
rough surface conditions. As expected, the rough KCS model has dargealues
than the smooth KCS model, but the contributionsoof values in6 show
decreasing trends with increasing speeds (thesR#ynolds number). On the other
hand, the wave making resistange, values for both the smooth and rough cases
increase with the speed. The discrepancy between smooth andoroiggkmall at

low speeds, but smooth becomes larger than rough as the speed increases.

Subsequently, the differences between the smooth and douggtome smaller at

higher Reynolds numbers as the roughness effects @n thendd cancel each other.

97



0.0015

A CR smooth A
/
— & —CR rough ,’
0.0012 Design speed
O CVP smooth En=0.26 ,/
- m - CVP rough ,’ p
7 °
L? 0.0009 o~ CW smooth /
e &
% 7 A
o ¢ = CW rough s
G .-
J 0.0006 &7
e = - e - & - - - A
r=-=-=-—-- " -—-=--- r-—---- B + = === m
<
0.0003 n = o o o
o
o
¢ 8
0.0000
26E+6 28E+6 3.0E+6 3.2E+6 34E+6 3.6E+6 3.8E+6 4.0E+6 4.2E+6
Re

Figure 5100 ,0 and0 values of the KCS model in the smooth and rough surface
conditions
5.3.3. Effect of hull roughness on the flow characteristics

This section compares the flow characteristics around the KCS model in the smooth
and rough surface conditions at its desggeed ¢ p& d TQ0¢ ™ ¢
YQ o pm.

2.1.1.7. Velocity field

Figure 5.11 and 5.12 compare the mean axial velocity contours around the stern of the
KCS model ship in both the surface conditions. The mean axial velocity was

normalised by dividig the velocity with the advance speed of the ship. As shown in
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the figures, the hull roughness resulted in the decelerated flow around the stern and it
enlarged the wake field. This enlarged wake region can be closely related to the
distribution of the suace pressure at the stern (Figure 5.15), which leads to the

increase in the viscous pressure resistance.

Another notable feature is the increased boundary layer thickness due to the hull
roughness as shown in Figure 5.11. It can be more clearly segure 5.13, where

the boundary layer is represented by the slices of axial velocity contours limited to
wifw T@o. This increased boundary layer thickness results in increased
momentum loss and hence the frictional resistance, as shown ire Fdur This
roughness effect on the boundary layer thickness leads to increased momentum loss
and thus leads to increased skin friction. This observation is in correspondence with
the experimental and numerical studies of other researchers (e.g. Schufitacin

2005, 2007; Demirel et al, 2017a).

As the enlarged wake field due to the hull roughness was observed in Figure 5.12, the
nominal wake fractions of the smooth and rough KCS model were calculated. Figure
5.14 illustrates the distribution of the local wake fraction, p wTw , atthe
propeller planedd T8t p Y v). The inner and outer circles denote the hub diameter
and the propeller diameter, respectively. From the figure, it is evident that the hull
roughness increases the local wake fraction significantly, and it le83%ancrease

in the mean nominal wake fractiam, (0.31 to 0.42).
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2.1.1.8. Pressure field

Figure 5.15 illustrates the distribution of the dynamic pressure coefficient along the
hull in the smooth and rough surface conditions. It can be seen from the figure that the
rough case has smaller pressure magnitudetheatstern (i.e. reduced pressure
recovery). This smaller surface pressure at the stern due to the hull roughness can be

related to the increased viscous pressure resistancen Figure 5.10.

Sm

Dynamic Pressure Coefficeint
-0.15000 -0.090000 -0.030000 0.030000 0.090000 0.15000

Dynamic Pressure Coefficient
-0.15000 -0.080000 -0.030000 0.030000 0.090000 0.15000

Figure 515 Pressure disttiution on the KCS model ship

2.1.1.9. Wave profile

Figure 5.16 compares the wave patterns around the KCS model in the smooth and
rough surface conditions. It is seen from the figure that the wave elevations around the
hull are reduced by the hull roughness. Thisghness effect on the wave pattern can

be also seen in Fig. 18, which compares the wave elevation along the line with constant
@ T L ™ w. This roughness effect on the wave profile is in accordance with the
reducedd values due to the hull roughs®as shown in Figure 5.10. This observation

also agrees with the finding of Demirel et al. (2017b).
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Figure 516 Wave pattern around the KCS model
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5.4.  Chapter summary and conclusions

In this study, the CFD approach to predict the effect of hull roughness on the ship resistance
was validated against the experiment of a towed flat plate and a model ship in the smooth and
rough surface conditions. In order to simulate the effect of ti@cguroughness, a roughness

function model was proposed based on the roughness function, which was determined in

Chapter 4, and employed in the whihction of the CFD model.

Spatial and temporal convergence studies were performed using the Grid convergence Index
(GCI) method, to estimate the numerical uncertainties of the proposed CFD models and to

determine sufficient grigpacings and time steps.

Fully nonlinear unsteady RMS simulations of the flat plate and the KCS model ship were
conducted in the smooth and rough surface conditions. The simulation results showed
excellent agreement with the towing test result (Chapter 4) in both the smooth and rough
surface conditions. T result suggests that the CFD approach (i.e. modifiedfurattion
approach) can accurately predict not only the roughness effect on the skin friction, but also the

total resistance of a 3D hull.

The total ship resistance predicted from the CFD sinauiatin the smooth and rough
conditions were decomposed into individual resistance components. Significant
increases in the frictional resistance,, due to the hull roughness were found.
Increases in the viscous pressure resistance,and decre&s in the wave making

resistance( , were also observed due to the hull roughness.

The effect of hull roughness on the flow characteristics around the hull was also
examined. By comparing the velocity field around the KCS model in the smooth and
rough onditions, a decelerated flow and enlarged wake field were observed
downstream of the stern, as well as the increased boundary layer thickness. It was
found that the hull roughness reduces the pressure recovery at the stern, which leads

to increased viscaupressure resistance. Smaller wave elevation due to the hull
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roughness was also noted, which is closely related to the smaller wave making
resistance for the rough case.
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6.CFD prediction of the effect of biofouling on

full -scale ship resistance

6.1. Introduc tion

As reviewed in Chapter 2, predicting the effect of biofouling on-dadile ship
performance is important. However, there have been relatively few studies conducted
to investigate the effect of biofouling on ksitale ship resistance (Demirel et al.,
2017Db; Farkas et al. 2018; 2019). The investigations should be extended to increase
the understandings of the effect of roughness on ship hydrodynamic performance.

To the best of t there eaiststnb specdic stuttyrtoopretict the e |,
effed of barnacles of varying sizes and coverages on the ship resistance components.
Therefore,the aim of this chapter is fdl this gap by developing a CFD model to
simulate a realistic surface roughness through employing a roughness function model
represating barnacle fouling and performing a comprehensive investigation on the
roughness effect of barnacle fouling on ship hydrodynamic characteristics using the

CFD approach.

This chapter is organised as follows: The methodology used in this chapterisezkpla

in Section 6.2.1. The modified wdlinction approach as the roughness function of
barnacles are discussed in Section 6.2.2. In Section 6.2.3. the details of the numerical
modelling are covered including the mathematical formulations, geometry and
boundary conditions of the simulations as well as mesh generation. Section 6.3 covers
the verification and validation studies of the CFD simulations. The effect of barnacles
on ship resistance components are presented in Section 6.4.1 to 6.4.4, while the
roughness effect on the flow characteristics are covered in Section 6.4.5 to 6.4.8.

Finally, chapter summary and conclusions are discussed in Section 6.5.
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6.2. Methodology

6.2.1. Approach

A schematic illustration of the current study is shown in Figure 6.1. The tistis
employing the roughness function of the barnacle fouling into thefwadtion in the

CFD modeli.e. modified waHlfunction approachgo that the wall boundary condition

can represent the rough surface due to barnatles.roughness function arile
corresponding roughness heights obtained by Demirel et al. (2017a) was selected and
employed in the waltunction of the CFD modeTlhe second step is the validation of

the modified walfunction approach for barnacle fouling. Towed flat plate simuuhati

were conducted and compared with the experimental result of Demirel et al. (2017a).
The third step is conductinfyll-scale CFD simulations using the modified wall
function approach to predict the effect of barnacle fouling on the ship resistance
compaments. The frictional resistance coefficients were predicted for the KCS 3D hull
and compared with the results obtained from thedtdlle flat plate simulation of the
same ship using CFD as wel/l as the resul
similarity law scaling procedure. The roughness effect on the different resistance
components wsalso examined using the results of KCS hull simulatigirglly, the
roughness effect on the waypeofile, pressure distribution along the hull, velocity
distribution and boundary layer development around the hull, and on the wake flow

were examined.
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Figure 61 Schematic illustration of the methodology in Chapter 6

6.2.2.Roughnesdunction of barnacles

In this study, the modifiedvall-function approach was used to represent the surface
conditions of barnacle fouling, using the roughness function of Demirel et al. (2017a).

Further details on the modified w4iinction approach can be found in Section 5.2.3.

Demirel et al. (2017a)sed an experimental approach to find the roughness function

of barnacle fouling. The studyas base@n an extensive series of towing test of flat
plates covered wittartificial barnacle patchedDifferent sizes of real barnacles,
categorised as small, meada and big regarding their size, watigitised using 3D
scanning technology and 3D printed iradificial barnacle tiles. The barnacle tiles
were gluednto the surfaces of flat plates by differing the coverageaardihe plates

were towedat a range of speeds. From the analyses of the experimental results, they
showedhat the roughness functions of the barnacle fodbiigw the Colebrook type

roughness functions of Grigson (1992), given by
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" P - (6.0

Table6.1 compares theoughness length scales of barnacle fouling obtained by the
experiment and Figuré.2 shows the roughness functions for th#ferent barnacle

fouling conditions, obtained by Demirel et al. (2017a).

Table 61 Roughness lengttales othe barnacle fouling conditionadapted fronDemirel
et al. (2017a)

Surface coverag: Barnacle height Representativ_e

Test surface Barnacle type (%) “O(mm) Trsu(gj[j?n)ess height
B10% Big 10 % 5 174

B20% Big 20 % 5 489

M10% Medium 10 % 2.5 84

M20% Medium 20 % 25 165

M40% Medium 40 % 25 388

M50% Medium 50 % 25 460

S10% Small 10 % 1.25 24

S20% Small 20 % 1.25 63

S40% Small 40 % 1.25 149

S50% Small 50 % 1.25 194
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Figure 62 Roughnesfunctions for the test surfaces, adapted from Demirel et al. (2017a)

6.2.3.Numerical modelling

2.1.1.10.Mathematical formulations

The CFD models were developed based on the unsteady Regrneldgied Navier
Stokes (URANS) method using a commercial CFD software packdgeR-CCM+
(version 12.06). The mathematical formulations are identical to those used in Chapter

5. The details can be found in Section 5.2.2.

2.1.1.11.Geometry and boundary conditions

In the study, three different CFD modelgre developed to study the effect bét
barnacle fouling, and thesaclude (i) Modelscaleflat plate simulations for the
validation; (ii) Fullscale flaplate representation of the KCS hull ; (iii) Fatdale 3D

simulations of the KCS hull appended with a rudder.
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The geometry and boungaconditions for the modedcale flat plate simulations are
identical to those used in Chapter 5. The details can be found in Section 5.2.5.1.

Figure 6.2 shows the dimensions and the boundangitions used for the fulicale

flat plate simulation. Theehgth of the fulscale flat plate was chosen to represent the
length of the KCSs0 that the roughness effect at the same Reynolds number of the
KCS at its design speed (24 knots) and slow streaming speed (19 knots) can be
examined. The fulkcale plate snulation was modelled as fully submerged by
defining the boundary conditions of horizontal and vertical centre planestand

W T, respectively) as the symmetry planes. As a consequence, only a quarter of the
plate andhefluid domain was taken into ecunt in order to save the computational

time.

The full-scale KCS simulations were conducted using the same geometry and
boundary conditions used for the moedeble towed KCS simulations in Chapter 5
(Figure 5.4). The only difference to mention is tihat $imulations in this chapter were
conducted in fuliscale with a fixed condition while those in Chapter 5 was conducted
in the modeiscale with free sinkage and trim. The principal particulars of the KCS in
full-scale can be found in Table 5.1 in Sectoh5.2.

111



v

g "x
@ o )
V4
£
X [+)]
232.5m
b
(H) e, Symmetryplane |
: : z
> 1 £
o || - x z
5 o
A Symmetry plane e . e
o aL L 2L
C
(4..) Symmetry plane
IS S LA e "
5 <
>
v =
1l i g
g X ]
n_ .

Symmetry plan

Figure 63 The dimensions and boundary conditions for thedcdlle flat plate simulation
model, (a) the plate, (b) profile view of the computational domain, (c) top view of the
computationabdomain

6.2.4. Mesh generation

Mesh generation was performed using the boiiutomated meshing tool of STAR
CCM+. The same techniques used for the mesh generation as used in Chapter 5.
Further details can be found in Section 5.2.6. Figure 6.3 shows the grid structure of the

full-scale KCS simulation used in this chapter.
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Figure 6.4 Volume mesh of fulicale KCS hull simulation model, (a) top view, (b) profile
view, (c) stern refinement, (d) bow refinement

6.3. Verification and validation

6.3.1.Verification study

Verification studies were conducted to estimht spatial and temporal uncertainties

of the simulations. The Grid Convergence
extrapolation (1910) was used to estimate the numerical uncertainties, as used in
Chapter 5. The details of the GCI method can bedanrSection 5.2.7.
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6.3.1.1. Spatial convergencestudy

For spatial convergence study, three different resolution of meshes were generated,
which are referred tas fine, medium, and coarse meshes corresponding the cell
numbers of) , 0 , and0 . Table 3 shows threquired parameters for the calculation

of the spatial discretization error. The total resistance coefficient valuesf smooth

cases were used as the key variables. The inlet velocity for the-suadielflat plate
simulation was sett@ ¢& o @ fi which is one of the towing speeds of Demirel et

al. (2017a), while the inlet velocity of 24 knots was used for the simulations -of full
scale flat plate and KCS hull. As indicated in the table, the numerical uncertainty of
fine meshes’Q30 ) for the modekcale flat plate, fulscale flat plate and KCS hull

CFD models are 0.77%, 0.11% and 0.96% respectively. For accurate prediction of the

roughness effect of barnacle fouling, the fine mesh of each case was used in this study.

Table 62 Parameters used for the calculation of thiscretizationerror for the spatial
convergence study, key variabte:

Model-scale flat plate Full-scale flat plate Full-scale KCS hull
0 2,300,000 1,200,000 2,000,000
930,000 850,000 1,300,000
460,000 610,000 630,000
i 1.35 1.12 1.26
i 1.26 1.12 1.42
%o 3.981E03 1.357E03 2.095E03
%o 4.021E03 1.355E03 2.103E03
%o 4.092E03 1.347E03 2.126E03
- 7.16E05 -7.94E06 2.27E05
- 3.98E05 -2.62E06 8.67E06
i 1 1 1
Q 1.00% 0.19% 0.41%
0\ 3.74E01 6.50E02 -5.34E01
n 3.19E+00 1.02E+01 1.86E+00
%o 3.956E03 1.358E03 2.078E03
Q 0.62% -0.09% 0.78%
"060 0.77% 0.11% 0.96%
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2.1.1.1. Temporal convergence study

For the temporatonvergence study, three different time steps, namelywo , and

w0 hwere applid tothe simulations using fine meshes. Tahi@shows the required
parameters for the calculation of the temporal diszaton error. The total resistance
coefficient valuesp , of smooth cases were used as the key variable. The inlet
velocity for the modeécale flat plate simulation was setto ¢& o @ Fi which is

one of the towingpeed®f Demirel et al. (2017ajvhile the inlet velocity of 24 knots
was used for fulscale flat plee and the KC3wll simulations. As indicated in the
table, the numerical uncertainties of the smallest time st&p&Q( ) of the model
scale flat plate, fulscale flat plateand KCS hull CFD models are 0.01%, 0.002% and
0.65% respectively. For accurate prediction of the roughness effect of barnacle fouling
on ship resistance, the smallest time st&p, of each model was used in this study. It

is of note that the recommenttiéme step by ITTC (2011b) 8t ¢ undt PFw, and

the time steps used in this study were within this range or even smaller.

Table 63 Parameters of the calculation of thescretizationerror for the temporal
convergence study, key variabte:

Model-scale flat plate Full-scale flat plate Full-scale KCS hull

WO 0.01s 0.16s 0.02s
&%) 0.02s 0.32s 0.04s
WO 0.04s 0.64s 0.08s

i A 2 2 2

%o 3.981E03 1.357E03 2.095E03
%o 3.980E03 1.357E03 2.108E03
%o 3.978E03 1.360E03 2.136E03
- -2.58E06 2.77E06 2.88E05
- -8.80E07 2.50E07 1.31E05
Q 0.02% 0.018% 0.62%

n 1.55E+00 3.47E+00 1.14E+00
%0 3.982E03 1.357E03 2.084E03
Q -0.01% 0.0018% 0.52%

080 0.01% 0.0023% 0.65%
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6.3.2. Validation study

6.3.2.1. Validation of the modified wall-function approach

Figure 6.4 compares th® valuesof modetscale flat plates in different fouling
conditions computed from the CFD simulations with the experimental data of Demirel
et al. (2017a). The horizontal axes of the figures indicate the corresponding
representativeoughness heights of the bartegaiouling conditions given in Tabi1.

It is evident from the figure that a good agreement is achieved between the current
CFD model and the experiment of Demirel et al. (2017a). This suggests that the
modified wallfunction approach can accurately egent the surface roughness of
barnacle fouling. Thereforéhis CFD approachan be used to investigate the effect of

biofouling on the hydrodynamic characteristics of ships.
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Figure 650 values of flat plates towed withifferent fouling conditions obtained from the
simulations and the experiments by Demirel et al. (2017a), (a) Rn=2.79E+06, (b)
Rn=3.19E+06, (c) Rn=4.51E+06, (d) Rn=4.70E+06
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6.3.2.2. Validation of the CFD models in smooth condition

To validate the CFD models smaoth condition thed values obtained using the
CFD simulations were compared with the experimental data of Demirel et al. (2017a)
and the extrapolated result using the experimental data of Kim et al. (2001). The inlet
velocity of modelscale flat platesimulation was set too ¢& od@fi (Y&

¢&® p m), which is one of the towingpeedsof Demirel et al. (2017a), while the
design speed of the KCS was used for thedcdlle KCS hull simulation. The full
scaled value used for theomparisonwere extrapolatedbllowing the ITTC 1957

met hod (i . e. ubingdthdridtedalsesistandte lvaefficjend , obtained

from ITTC 1957 friction line(ITTC, 2011)and the residuary resistanée hobtained

by Kim et al. (201). As can be sedn Table6.4, the modekcale flat plate and full

scale KCS hull simulation results show good agreement with the experimental results,

showing relative errors of 0.38% and 0.54% respectively.

Table 640 values obtained fromhe CFD simulations and the experiments (Demirel et al.,
2017a; Kim et al., 2011)

Reynolds number 6 , CFD 6 ,EFD Relative error
Modelscale flat plate ¢& p 1t 3981 pm 3.397 pm 0.38%
Full-scale KCS hull & pm 2.095 p ™ b2.083 p 1 0.54%

2experimental data of Demirel et al. (201 7P®xtrapolated resulisingthe experimental data of Kim
et al. (2001)pased on the ITTC 1957 method
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6.4. Results

6.4.1. Total resistanceand effective power

The total resistance coefficients, hwere obtained from the fuficale KCS hull

simulations in the surface conditions of varying sizes and coverage of barnacle fouling.

As indicated in Table 6 th& values show a significant increase due to thedmen

fouling. The increase in total resistance and the effective power of the ship was

observed to be higher at 19 knots than 24 knots (by 73% and 60%, respectively). It can

be attributed to the fact that the contribution of the frictional resistance ksaoore

dominant at lower speeds, and it is believed that the surface roughness mainly affects

the frictional resistance rather than other resistance components. For these reasons, it

appears that the effect of surface roughness on ship total resistamme idominant

at lower speeds. Therefore, it is worth investigating the effect of barnacle fouling on

different resistance components.
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Figure 66 0 values obtained by the ftdkcale CFD simulations
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Table 650 values obtained from fulicale KCS hull simulation

5 24 knots 19 knots
Test Surface (£[2| ) ) wd hd o) oo
Smooth 0 2.095E03 0% 1.803E03 0%
S10% 24 2.475E03 18% 2.192E03 22%
S20% 63 2.691E03 28% 2.419E03 34%
M10% 84 2.767E03 32% 2.498E03 39%
S40% 149 2.936E03 40% 2.670E03 48%
M20% 165 2.968E03 42% 2.704E03 50%
B10% 174 2.985E03 42% 2.724E03 51%
S50% 194 3.020E03 44% 2.760E03 53%
M40% 388 3.265E03 56% 3.018E03 67%
M50% 460 3.333E03 59% 3.088E03 71%
B20% 489 3.358E03 60% 3.114E03 73%

6.4.2. Frictional resistance and residuary resistance

The frictional resistance coefficients and residuary resistance coefficients were
directly computed from the fulicale KCS hull simulations and flat plate simulation.
Additionally, the simulation results were compared withdhealues of flat plates

with the same | ength as the KCS, extrap
similarity law scaling method (Granville, 1958; 1987).

Figure6.6 shows the frictional resistance coefficierits, obtained from the two full

scale simulations and similarity law analysis at the design speed of 24 knots and slow
steaming speed of 19 knots. In the figure, dhevalues are plotted against the
representative roughness heigfiis, of the corresporidg fouling conditions. As can

be seen in the figure, the frictional resistance coefficients obtained using the three
different methods show excellent agreement in trends and with close values in

magnitudes at both speeds. It appears that due to thedihtersional effect, the
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values of the 3D KCS hull simulations are always higher than those of flat plate

simulations.

Table 6.6 compares the frictional resistance coefficiertk® percentage of added
resistancel o 0) andthe residuary resistanceefficients,0 , obtained from the 3D
full-scale KCS hull simulations with different fouling conditions at 24 knots and 19
knots. The increasein thed values of KCS due to the fouling conditionene
predicted to be up to 93% and 88% in the mogtisefouled conditions (B20% case)

at the design speed and slow streaming speed, respectively. It is notable that only with
10% coverage of small barnacle (S10% case) fouling can resalinearly 30%
increase in the frictional resistance of KCS at thegiespeed.

It is also not surprising that tlée values of the fouled cases (except S10%) remain
rather consistent with the increasing speed (from 19 knots to 24 knots) while the
smoothd is decreasing, as starts to lose its dependenoy the Rgnolds number
when it approaches the fully rough regime (Moody, 1944). For the same rbasan,
valuesappear higher at 24 knots than 19 knots, as@nly the smooth case decreases
with the increase of Reynolds number whileof rough surfacesemain relatively

consistent.

On the other hand, interesting features were observed in residuary resigtance,
between the two speeds. As can be seen in F&jdréhed values of the KCS at 24

knots showeda decreasing trend with increasing foglimate, while it tended to
decrease as the roughness height increases at 19 knots. It appears that this difference
arises from the different portions of viscous pressure resistance,and wave

making resistance) , at different speeds as firstigund in Demirel et al. (2017b).
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Table 66 Comparison of the frictional resistance coefficients and the residuary resistance
coefficients computed from the fattale KCS hull simulations at 24 knots and 19 knots

24 knots 19 knots
surface 1 (i) 6 bwb 6 W 6 Pwb 6 W
Smooth 0 1.415E03 0% 6.792E04 0.0% 1.446E03 0% 3.565E04 0.0%
S10% 24 1.826E03 29% 6.489E04 -4.5% 1.829E03 26% 3.632E04 1.9%
S20% 63 2.050E03 45% 6.409E04 -5.6% 2.049E03 42% 3.697E04 3.7%
M10% 84 2.128E03 50% 6.395E04 -5.8% 2.126E03 47% 3.716E04 4.2%
S40% 149 2.299E03 62% 6.371E04 -6.2% 2.294E03 59% 3.766E04 5.6%
M20% 165 2.331E03 65% 6.365E04 -6.3% 2.326E03 61% 3.779E04 6.0%
B10% 174 2.348E03 66% 6.363E04 -6.3% 2.345E03 62% 3.791E04 6.3%
S50% 194 2.384E03 68% 6.357E04 -6.4% 2.380E03 65% 3.799E04 6.6%
M40% 388 2.632E03 86% 6.334E04 -6.7% 2.628E03 82% 3.906E04 9.6%
M50% 460 2.700E03 91% 6.331E04 -6.8% 2.693E03 86% 3.943E04 10.6%
B20% 489 2.725E03 93% 6.335E04 -6.7% 2.718E03 88% 3.956E04 11.0%
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Figure 68 Residuary resistance coefficients versus roughness heights, obtained from full
scale KCS hull simulations at 24 knots anckh8ts

6.4.3. Viscous pressure and wawenaking resistance

To investigate the rationale behind the different trend of the residuary resistance at
different speedsthe residuary resistance coefficiemsre dividedinto the viscous
pressure resistance coefficigri  hand wavemaking resistance coefficients, . To

find the equivalent form factor¥) doublebody flow calculatios wereconductedas
similarly done in Chapter. 5 able6.7 shows the form factor&) of the KCS obtained

from the doublébody simulations at the design speed (24 knots) and slow steaming
speed (19 knots). As can be seen from the tabléQttagues were observed to decrease

as the surface roughness increa3é®refore the increase of due to the surface
roughness is notrpportional tod , which disagrees with the assumptions of Lewis
(1988) and Demirel et al. (2017b).

Figure 6.8 showsthed , 6 and6 valuesvarying with the fouling rate. It is

apparent that the waammaking resistanc® , of the KCS decreas as the level of
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hull fouling increases, whilst the viscous pressure resisté@ncejncreases with the
increasing fouling rateas similarly observed in Chapter&nced is sumofd and
0 , 0 can increase or decrease depending ondtirainance ofd and o
Therefore, the fulcaled values at 24 knots shaawdecreasingend with increasing
surface foulinglue to thedominance 06 while they showan increasingrend at 19

knots due to the relatively sih portion of 6
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Figure 69 Comparison of the residuary resistance, viscous pressure resistance and wave
making resistance versus the representative roughness height of the fouling conditions, (a)
24 knots, (b) 19 knots
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Table 67 Form factor calculation from the doubledy simulatios

24 knots 19 knots
Surface Q . . x . . . N .
condition (t1 ) O 0k Q ®Q O 05 Q o0
Smooth 0 1.511E03 1.341E03 0.1268 0% 1.547E03 1.374E03 0.1259 0%

S10% 24 1.959E03 1.759E03 0.1137 -10% 1.965E03 1.765E03 0.1133 -10%
S20% 63 2.194E03 1.978E03 0.1092 -14% 2.198E03 1.981E03 0.1095 -13%
M10% 84 2.275E03 2.054E03 0.1076  -15% 2.278E03 2.056E03 0.1080 -14%
S40% 149  2.452E03 2.218E03 0.1055 -17% 2.454E03 2.220E03 0.1054 -16%
M20% 165 2.486E03 2.250E03 0.1049 -17% 2.488E03 2.251E03 0.1053 -16%
B10% 174  2.504E03 2.266E03 0.1050 -17% 2.506E03 2.268E03 0.1049 -17%
S50% 194  2.541E03 2.301E03 0.1043 -18% 2.543E03 2.302E03 0.1047 -17%
M40% 388  2.800E03 2.541E03 0.1019 -20% 2.802E03 2.542E03 0.1023 -19%
M50% 460  2.869E03 2.605E03 0.1013 -20% 2.871E03 2.606E03 0.1017 -19%
B20% 489  2.895E03  2.629E03 0.1012  -20% 2.897E03  2.630E03  0.1015 -19%

6.4.4. Contribution of resistance components

Since itwas foundn the previous sections that the effect of surface roughness varies
in each resistance component, it is worth investigating the change in the portions of
resistance components due to barnacle fouling. Figi9reompares the percentages

of the resistare components in different surface conditions at the two speeds. The
portionsof 0 values increase from 68% to 81% at 24 knots and from 80% to 87% at
and 19 knots. On the other hand, the percentage oi total resistancéends to
remain rather stde for both speeds, while the percentage ofapidly decrease from

24% to 11% at 24 knots, and from 10% to 4% at 19 knotdigaissed in section
4.3.1 the frictional resistance coefficients are more dominant at 19 knots, and result in

larger increass in total resistance as the surface roughness increases.

124



(a) 24 knots

| ECF ECvVPECW

3.E-03

2.E-03

1.E-03

0.E+00

Smooth S10% S20% M10% S40% M20% B10% S50% M40% M50% B 20%

(b) 19 knots

3.E-03 ECF ECVP BCW

2.E-03

1E-03

0.E+00
Smooth S10% S20% M10% S40% M20% B10% S50% M40% M50% B20%

Figure 610 Percentage bar diagram of the resistance components, at (a) 24 knots, (b) 19
knots

6.4.5. Wave profile

As it was foundthat the surface roughness of the KCSeaf the wawvenaking
resistance, it is worth examining the roughness effect on wave profiles of the KCS.
Figure6.10compares the wave profile along a line with 1@ v © w of the KCS

in the smooth case and the rough case (B20%¢ wave profiles obiaed from
modelscale simulations<¢€31.6) was included in the figure for comparison. In both
the scales,hie wave profiles of the smooth and rough sas#lapse on top of each
other forw ] U and then deviate from each other in the region doeast of

the ship. Thisbservation suggesdtisat the roughness effect on the ship wave is minor
with the exception ofthe wake region where the viscous effects become important

(Castro et al., 2011). The reduced wave elevation obsénted wake region by the
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roughness effect is in accordance with the finding of decreasing tremd with

increasing fouling rate obsved inFigure 6.7.

0.01

(a) Fuliscale, 24 knots (Fn=0.26) ©  EFD(Kimetal, 2001)

Smooth (Full-scale)
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(b) Modelscale, 2.196 m/s(Fn=0.26) O  EFD (Kimetal., 2001)
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z/Lpp
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-0.005

Figure 611 Wave profile along a line with constaiit T v ™ w for smooth and fouled
(B20%) casegqa) full-scale, (b) modetcale

6.4.6. Pressure distribution

Figure 6.11 showsthe pressure distributioricmg the KCS hull in the smooth and
fouled (B20%) surface conditiomhe surface roughness reduces the pressure recovery
at the stern significantly, which increases the viscous pressure resistanes
observed from the previous section. It has balmo observed that the surface
roughness increases the pressure at the forepart of the rudder, which is bellsyed
due to the reduced flow velocity after the stern that can be seen in the following
subsection. It is also notable that the pressureildisions of different surface
conditions were similar from the bow to the middle of the ship. This finding denotes
that the pressure distribution is not significantly affected by the surface roughness
unless an adverse pressure gradient occurs, and heoupports the assumption that

the residuary resistance of the flat plates, which has zero pressure gradient, is not

affected by the surface roughness (Schultz, 2007; Demirel et al., 2017a).
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Figure 6.12 shows the pressure contours atr@t 1iip , downgream to the KCS in

the smooth and fouled case (B20%) surface condition. It can be seen from the figure
that the surface roughness decreases the magnitude of the pressure downstream to the
hull. The significantly decreased pressure below the free suréduedothe hull is in
accordance with the reduce wave elevation after the stern in the rough case as observed
in Figure 6.10.

Figure 612 Pressure distribution on the KCS hull, (a) smooth case, (b) fouled case (B20%),
(c) difference (ough-smooth, at 24 knots
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